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PREFACE 


The overwhelming response to the previous editions of this book 
gives me an immense feeling of satisfaction and I take this an 
opportunity to thank all the teachers and the whole student 
community who have found this book really beneficial. 


In the present scenario of ever-changing syllabus and the test 
pattern of JEE Main & Advanced. 

The NEW EDITION of this book is an effort to cater all the 
difficulties being faced by the students during their preparation of 
JEE Main & Advanced. Almost all types and levels of questions 
are included in this book. My aim is to present the students a fully 
comprehensive textbook which will help and guide them for all 
types of examinations. An attempt has been made to remove all 
the printing errors that had crept in the previous editions. 


Iam very thankful to (Dr.) Mrs. Sarita Pandey, Mr. Anoop Dhyani 
and Mr. Nisar Ahmad 


Comments and criticism from readers will be highly appreciated 
and incorporated in the subsequent editions. 


DC Pandey 
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1.1 Basic Mathematics 


The following formulae are frequently used in Physics. So, the students who have just gone in 
class XI are advised to remember them first. 


Logarithms 
(i) e«2.7183 
(iii) If10* = y, then x = logio y 


(v) log (ab) = log (a) + log (b) 


(ii) Ife = y, then x = log, y=Iny 
(iv) logio y=0.4343 log, y=0.4343 In y 


(vi) log (<) = log (a) — log (b) 


(vii) log a" =n log (a) 
Trigonometry 
(i) sin? 0 + cos? 0 =1 
(ii) 1+ tan? 0 2 sec? 0 
(iii) 1+ cot? 0 = cosec? 0 


(iv) sin 20 =2 sin 0 cos 0 
(v) cos 20 22cos? 0 - 121-2 sin? 0 2 cos? 0 — sin? 0 


(vi) sin (4 + B) =sin A cos B tcos Asin B 
(vil) cos (A t B) 2cos A cos B t sin Asin B 


D C-D 
(vi) sn C+ sin D=2sin( C$ Joos ; 


£22) cr) 
COs 


(ix) sin C — sin D =2 sin | 


2 
C+D C=D 
(x) cos C +cos D =2 cos 5 cos 5 
: . D-C, C+D 
(xi) cos C —cos D =2 sin 7 sin 2 
2t 
(xii) tan29=— 09 
] — tan* 0 
tan A t tan B 


xiii) tan (A + B) = ——————— 
cau) ( ) 1+ tan A tan B 


(xiv) sin (90° + 8) = cos 0 
(xv) cos (90° +8) =- sin 8 
(xvi) tan (90° +8) = — cot 0 
(xvii) sin (90? — 0) 2cos 0 (xviii) cos (90? —0) 2 sin 8 
(xix) tan (90? — 0) 2 cot 0 
(xx) sin (180? — 0) 2 sin 8 
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(xxi) cos (180° — 0) = — cos 0 
(xxii) tan (180? — 0) = — tan 0 
(xxiii) sin (180? +0) 2 — sin 0 
(xxiv) cos (180? 4-0) 2 — cos 0 
(xxv) tan (180° +0) = tan 0 
(xxvi) sin (— 0) 2 — sin 0 
(xxvii) cos (— 8) = cos 0 
(xxviii) tan (— 0) 2 - tan 0 
Differentiation 
~d ca n n-l 
(i) — (constant) = 0 (ii) — (x )=nx 
dx dx 
1 d 
(iii) Ed (log, x) or 2 (In x) 2— (iv) — (sin x) 2cos x 
dx dx x dx 
d ; zd. 2 
(v) — (cos x) 2 — sin x (vi) — (tan x) 2sec^ x 
x 


(vii) E (cot x) 2— cosec? x (viii) d (sec x) = sec x tan x 
dx p 

. d 

9 E p inse X) =—cosec x cot x 695 male z(e )= 


(xi) L fra. Jasporc food ~ fy PIEL Ty (x) 


d fio) POD IC -AO ~ nw 
dx fa) TIE 


(xii) 
ONE! d 
(xiii) — f (ax +b)=a — f (X), where X 2ax +b 
dx dx 
Integration 


ps dx = 


ity veiee= ener 


d. 
(ii) [Z =g. xe or lnx+c 


(iv) [cos x dx =sin x+ c 
(v) [e'dxe & +e (vi) [sec? x axe tanx c 
(vii) [ cosec? xdx--cotx-c (vill) [sec x tan x dx sec x +c 


(ix) | cosec xcot x dx 2—cosec x * c 


(x) [f (ax +) dx=} | f(X) dX, where X = ax + b 
a 


Here, c is constant of integration. 
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Graphs 
Following graphs and their corresponding equations are frequently used in Physics. 
(i) y= mx, represents a straight line passing through origin. Here, m = tan 0 is also called the slope 
of line, where 0 is the angle which the line makes with positive x-axis, when drawn in 
anticlockwise direction from the positive x-axis towards the line. 


The two possible cases are shown in Fig. 1.1. In Fig. 1.1 (1), 09 < 90°. Therefore, tan 0 or slope of 
line is positive. In Fig. 1.1 (ii), 90? «0 «180? . Therefore, tan 0 or slope of line is negative. 


y y 


0 


(i) (ii) 
Fig. 1.1 


Note That y = mxor y « xalso means that value of y becomes 2 times if x is doubled. Or it will remain T th if 
x becomes i times. 
(ii) y= mx + c, represents a straight line not passing through origin. Here, m is the slope of line as 
discussed above and c the intercept on y-axis. 


(i) (ii) (ii) 
Fig. 1.2 


In figure (1) : slope and intercept both are positive. 
In figure (11) : slope is negative but intercept is positive and 
In figure (iii) : slope is positive but intercept is negative. 


Note That in y = mx + c, y does not become two times if x is doubled. 


1 2 
(iii) yo — or y=—etc., represents a rectangular hyperbola in first and third quadrants. The shape of 
x x 


rectangular hyperbola is shown in Fig. 1.3(1). 


Fig. 1.3 


Chapter 1 Basic Mathematics * 5 


From the graph we can see that y — 0 as x ee or x > 0 as y—> œ. 


jus 4 ; : 
Similarly, y = — — represents a rectangular hyperbola in second and fourth quadrants as shown in 
x 
Fig. 1.3(ii). 
Note That in case of rectangular hyperbola if x is doubled y will become half. 


(iv) yx x? or y= 2x7, etc., represents a parabola passing through origin as shown in Fig. 1.4(1). 
y y 


(i) (ii) 
Fig. 1.4 
Note That in the parabola y 22x? or y œ x^, if x is doubled, y will become four times. 

Graph x « y’ orx=4 y? is again a parabola passing through origin as shown in Fig 1.4 (ii). In 
this case if y is doubled, x will become four times. 

(v) y=x? +4 or x= y? — 6 will represent a parabola but not passing through origin. In the first 
equation ( y — a 4), if x is doubled, y will not become four times. 

(vi) y= Aer represents exponentially decreasing graph. Value of y decreases exponentially from 
A to 0. The graph is shown in Fig. 1.5. 

y 


A 


Fig. 1.5 


From the graph and the equation, we can see that y= A atx =0 and y 0 as x > œ. 
(vii) y= A(1— en ), represents an exponentially increasing graph. Value of y increases 
exponentially from 0 to A. The graph is shown in Fig. 1.6. 


>X 


Fig. 1.6 
From the graph and the equation we can see that y =0 at x =0 and y A as x > oc. 
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Maxima and Minima 
Suppose yis a function of x. Or y= f (x). 


Then we can draw a graph between x and y. Let the graph is as shown in Fig. 1.7. 
y 


P 


Q 
Fig. 1.7 


Then from the graph we can see that at maximum or minimum value of y slope [o 2 to the graph is 
Zero. dx 
dy ' bx 
Thus, de =0 at maximum or minimum value of y. 
x 


2 


By putting + =Q we will get different values of x. At these values of x, value of y is maximum if "n 
x X 


(double differentiation of y with respect to x) is negative at this value of x. Similarly y is minimum if 


d^y. " 
EE is positive. Thus, 
dx 


d? y_ . 
rx eye for maximum value of y 
dx 
d^y = 

and —5 - ve for minimum value of y 
dx 


dy -— d?y . 
Note That at constant value of y also pis 0 but in this case P is zero. 
x x 


© Example 1.1 Differentiate the following functions with respect to x 


(a) x? - 5x? -2 — (b)xsinx (c) (2x+3)® (d) = (e) e&* +2) 
sin x 


; d ,3 2 d o3 d 5. d 
Solution (a) — + 5x° —2)=— +5 =L 9 
(a) po X ) LP qb d a 
= 3x* + 5(2x)- 0 
= 3x" + 10x 
(b)  (xsin x)= xS. (sin x) sin x. (0) 


=xcos x + sin x (1) 


=xcosx+sin x 


d 6 d 6 
c) — (2x3) 2— (X), where X =2x+3 
ie ) 25 ) 


-2/6X?^1212X? 2 12x 3 
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sin x 2 (x)-x 2 (sin x) 
(d d x = dx dx 
dx \ sin x 


(sin x? 
_ (sin x)(1)— x (cos x) _ sin x — x cos x 


] m 
sin? x an x 


(e) 4 oor 5 L e* , where X = 5x+2 =5e* = se^"? 


© Example 1.2 Integrate the following functions with respect to x 


(a) | (5x? + 3x — 2) dx (6) | (4 sin x2) di 
x 
dx 
© [s (d) | (6x + 2° dx 
Solution (a) | Gx? + 3x-2)dr= 5x? dx 3 [x ax- 2 | dx 
3 2 
oe QE nsa 
3 2 


2 dx 

b 4 sin x— = | dx= 4 | sin x dx — 2 | — 
O) [ (4sinx-2) ema finra- jE 

=-4cosx-2Inx+e 


-—|—, where XY =4x+5 
4x+5 4° X 


(o fj- | lràdX 


1 1 
=—In X +c, =—In (4x4+5)+c 
4 C 4 ( )+ c; 

(d) [ (@ + 2)° d — | X? ax. where X =6x+2 


114^ (6x + 2)* 
= +c = + Co 
6| 4 24 


© Example 1.3 Draw straight lines corresponding to following equations 

(a) y= 2x (b) y=- 6x (c) y= 4x * 2 (d) y 2 6x—4 

Solution (a) In y= 2x, slope is 2 and intercept is zero. Hence, the graph is as shown below. 
AY 


tan 0 = slope = 2 
»X 


Fig. 1.8 
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(b) In y=- 6x, slope is — 6and intercept is zero. Hence, the graph is as shown below. 


Fig. 1.9 
(c) In y= 4x + 2, slope is + 4 and intercept is 2. The graph is as shown below. 
Ay 
2 
tan 0 = 4 
0 
> X 
Fig. 1.10 
(d) In y 2 6x — 4, slope is + 6 and intercept is — 4. Hence, the graph is as shown below. 
y 
tan@=6 
> Xx 
-4 
Fig. 1.11 


6 Example 1.4 Find maximum or minimum values of the functions 


(a) y = 25x? + 5 — 10x (b y29-(x- 3)? 
Solution (a) For maximum and minimum value, we can put 2- 0. 
x 
or dy -50x—10-20 
dx 
1 
x=- 
5 
2 
Further, Ur = 50 
dx? 


d? -" o 
or <> has positive value at x = R Therefore, y has minimum value at x = S 
dx 
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"ERE ll , 
Substituting x — 5 1n given equation, we get 


D 1 
Ya = 25 45310] 5 [234 
5 5 


(b) y=9- (x- 3)? =9- x? -9+ 6x 


or y-s&-x 
9 = 6-% 
dx 


ee . . "M 
For minimum or maximum value of y we will substitute B =0 
x 


Or 6—2x-20 or x23 


To check whether value of y is maximum or minimum at x = 3 we will have to check whether 
d” y. 2 ' 

— is positive or negative. 

dx 


dx? 


2 
d YV__» 


2 
or <> is negative at x = 3. Hence, value of y is maximum. This maximum value of y is, 
dx 


Ymax = 9- (3-3) =9 


Exercises 


Subjective Questions 


Trigonometry 
1. Find the value of 
(a) cos 120? (b) sin 240° 
(c) tan (— 60?) (d) cot 300? 
(e) tan 330? (f) cos (- 60?) 
(g) sin (— 150?) (h) cos (— 120°) 
2. Find the value of 
(a) sec?0 — tan? 0 (b) cosec? 0 — cot? 0 — 1 
(c) 2 sin 45? cos 15? (d) 2 sin 15? cos 45? 
Calculus 
3. Differentiate the following functions with respect to x 
(a) xt + 3x? - 2x (b) x? cos x 
(c) (6x 7) (d) etx? 
(e) LL 
4. Integrate the following functions with respect to t 
(a) | @t? - 21) dt (b) [ 4 cos t+ t) dt 
dt 
2t — 4) ^ dt d 
© [Gr-4y* a e [tea 
5. Integrate the following functions 
2 n/3 , 
(a) I; 2t dt (b) I. sin x dx 
10 dx x 
(c) Í, P (d) [ cos x dx 


(e) [ee — 4) dt 


6. Find maximum/minimum value of y in the functions given below 


(a) y25-(x-1»* (b) y 24x! - Ax 7 
© y=# -3x (d) y=x? - 6x? + 9x +15 
(e) y= (sin 2x - x), where E <x< m 
2 2 
Graphs 
7. Draw the graphs corresponding to the equations 
(a) y- 4x (b) y 2 - 6x 
(c) y=x+4 (d y=-2x+4 


(e) y=2x-4 (f y 2-4x-6 
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8. For the graphs given below, write down their x-y equations 


y y y 


>X 


30° 


9. For the equations given below, tell the nature of graphs. 


(a) y=2x" (b y=—-4x7 +6 
(c) y=6e* (d y24Q0- e") 
4 2 
(e) y=- ( y=-- 

x x 


10. Value of y decreases exponentially from y= 10to y= 6 Plot a x-y graph. 
11. Value of y increases exponentially from y = — 4to y= + 4. Plot a x-y graph. 


12. The graph shown in figure is exponential. Write down the equation corresponding to the graph. 


>X 


13. The graph shown in figure is exponential. Write down the equation corresponding to the 
graph. 


>X 


Subjective Questions 


1 43 1 1 1 1 1 
1. (a) B (b) 3 (c) -J3 (d) B (e) jJ (f) z (g) 5 (h) 3 
2. (a) 1 (b)O (o [5 J (d) Ex 


3. (a) 4x° + 6x - 2 (b) 2xcosx - x? sinx. (c) 24(6x+ 7. (d) 5e*x^ + e*%x® (e) -xe7* 
1 
6 (2t - 4y 


3 
4. (a) P t? « C. (b) Asint a ste (c) «C (c) Žin (6t c 
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«3-1 
2 
6. (a) ya = batxz1 (b) yu, =Gatx=1/2 (c) yup 2-2atx2 land Ymax = 2atx--1 


43 m 
2 6 


5. (a) 4 (b) (c) In(5/2) (d) Zero (e) -1 


(d) yu, = 15atx = 3and Ymax 2 19 atx=1 (e) Ymin | 


tm = (2-2) at x = 1/6 


Jax 1/6 and 


2 6 
7. 
y y 7 y 
X X x 
(a) (b) (c) 
y y 
x x 
(e) (f) 
X X 

8. (a y=x (b c) y= +4 (d) y=-x+2 

(a) y (b) y jJ (c) y jJ (d) y 
9. (a) parabola passing through origin 

(b) parabola not passing through origin 

(c) exponentially decreasing graph 

(d) exponentially increasing graph 

(e) Rectangular hyperbola in first and third quadrant 

(f) Rectangular hyperbola in second and fourth quadrant 

y y 
10 
10. di pce 
»X 


| p 


12. y - 4 « 8 Here, K is a positive constant 


13. y--44 10 (1- e^) Here, K is positive constant 
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2.4 


2.5 


Errors in Measurement and Least Count 
Significant Figures 

Rounding off a Digit 

Algebraic Operations with 

Significant Figures 

Error Analysis 


2.1 Errors in Measurement and Least Count 


To get some overview of error, least count and significant figures, let us have some examples. 


© Example 2.1 Let us use a centimeter scale (on which only centimeter scales 
are there) to measure a length AB. 


A __ dB 


Fig. 2.1 


From the figure, we can see that length ABis more than 7 cm and less than 8 cm. 

In this case, Least Count (LC) of this centimeter scale is 1 cm, as it can measure 
accurately upto centimeters only. If we note down the length (1) of line ABas l= 7 cm 
then maximum uncertainty or maximum possible error in l can be 1 cm (= LC), 
because this scale can measure accurately only upto 1 cm. 


© Example 2.2 Let us now use a millimeter scale (on which millimeter marks 
are there). This is also our normal meter scale which we use in our routine life. 


From the figure, we can see that length AB is more than A B 
3.8 cm and less than 3.4cm. If we note down the length, prem pea peer prm 
1 2 3 4 
l= AB= 3.4 cm 
Then, this measurement has two significant figures 3 and 4 in Fig. 2.2 


which 3 is absolutely correct and 4 is reasonably correct (doubtful). Least count of 
this scale is 0.1 cm because this scale can measure accurately only upto 0.1 cm. 
Further, maximum uncertainty or maximum possible error in l can also be 0.1 cm. 


INTRODUCTORY EXERCISE 


1. If we measure a length / =6.24 cm with the help of a vernier callipers, then 


(a) What is least count of vernier callipers ? 
(b) How many significant figures are there in the measured length ? 
(c) Which digits are absolutely correct and which is/are doubtful ? 


2. If we measure a length / =3.267 cm with the help of a screw gauge, then 


(a) What is maximum uncertainty or maximum possible error in/ ? 
(b) How many significant figures are there in the measured length ? 
(c) Which digits are absolutely correct and which is/are doubtful ? 


2.2 Significant Figures 


From example 2.2, we can conclude that: 


"In a measured quantity, significant figures are the digits which are absolutely correct plus the first 
uncertain digit". 
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Rules for Counting Significant Figures 
Rule 1| All non-zero digits are significant. For example, 126.28 has five significant figures. 


Rule 2, The zeros appearing between two non-zero digits are significant. For example, 6.025 has 
four significant figures. 


Rule 3, Trailing zeros after decimal places are significant. Measurement = 6.400 cm has four 
significant figures. Let us take an example in its support. 


Table 2.1 
Measurement Accuracy I lies between (in cm) dene Remarks 
| 2 6.4cm 0.1 cm 6.3- 6.5 Two 
| = 6.40 cm 0.01 cm 6.39 — 6.41 Three closer 
| 2 6.400 cm 0.001 cm 6.399 — 6.401 Four more closer 


Thus, the significant figures depend on the accuracy of measurement. More the number of significant 
figures, more accurate is the measurement. 


Rule 4| The powers of ten are not counted as significant figures. For example, 1.4 x 107" has only 
two significant figures 1 and 4. 


Rule 5, Ifa measurement is less than one, then all zeros occurring to the left of last non-zero digit 
are not significant. For example, 0.0042 has two significant figures 4 and 2. 


Rule 6, Change in units of measurement of a quantity does not change the number of significant 
figures. Suppose a measurement was done using mm scale and we get /= 72 mm (two significant 
figures). 
We can write this measurement in other units also (without changing the number of significant 
figures) : 

` 7.2 cm — Two significant figures. 
0.072 m — Two significant figures. 
0.000072 km  — Two significant figures. 


72x10 nm Two significant figures 


Rule 7, The terminal or trailing zeros in a number without a decimal point are not significant. This 
also sometimes arises due to change of unit. 


For example, 264 m = 26400 cm = 264000 mm 

All have only three significant figures 2, 6 and 4. All trailing zeros are not significant. 

Zeroes at the end of a number are significant only if they are behind a decimal point as in Rule-3. 
Otherwise, it is impossible to tell if they are significant. For example, in the number 8200, it is not 
clear if the zeros are significant or not. The number of significant digits in 8200 is at least two, but 
could be three or four. To avoid uncertainty, use scientific notation to place significant zeros behind a 
decimal point 


8.200 x 10? has four significant digits. 
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8.20 x 10? has three significant digits. 
8.2 x 10? has two significant digits. 


Therefore, if it is not expressed in scientific notations, then write least number of significant digits. 
Hence, in the number 8200, take significant digits as two. 


Rule 8 Exact measurements have infinite number of significant figures. For example, 
10 bananas in a basket 
46 students in a class 
speed of light in vacuum = 299,792,458 m/s (exact) 


22 
T= E] (exact) 


All these measurements have infinite number of significant figures. 


6 Example 2.3 Table 2.2 
Measured value Number of significant figures Rule number 
12376 cm 5 1 
6024.7 cm 5 2 
0.071 cm 2 5 
4100 cm 2 7 
2.40 cm 3 3 
1.60 x 10^ km 3 4 
INTRODUCTORY EXERCISE 
1. Count total number of significant figures in the following measurements: 
(a) 4.080 cm (b) 0.079 m (c) 950 
(d) 10.00 cm (e) 4.07080 (f) 7.090 x 10° 


2.3 Rounding Off a Digit 


Following are the rules for rounding off a measurement : 


Rule 1 Ifthe number lying to the right of cut off digit is less than 5, then the cut off digit is retained 
as such. However, if it is more than 5, then the cut off digit is increased by 1. 

For example, x = 6.24is rounded off to 6.2 to two significant digits and x = 5.328 is rounded off to 5.33 
to three significant digits. 


Rule 2) If the digit to be dropped is 5 followed by digits other than zero, then the preceding digit is 
increased by 1. 
For example, x =14.252 is rounded off to x =14.3 to three significant digits. 


Rule 3, Ifthe digit to be dropped is simply 5 or 5 followed by zeros, then the preceding digit it left 
unchanged if it is even. 
For example, x = 6.250 or x = 6.25 becomes x = 6.2 after rounding off to two significant digits. 
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Rule4_ Ifthe digit to be dropped is 5 or 5 followed by zeros, then the preceding digit is raised by one 
if it is odd. 
For example, x = 6.350 or x = 6.35 becomes x = 6.4 after rounding off to two significant digits. 


6 Example 2.4 Table 2.3 
Measured value After rounding off to three significant digits Rule 
7.364 7.36 1 
7.367 7.37 1 
8.3251 8.33 2 
9.445 9.44 3 
9.4450 9.44 3 
15.75 15.8 4 
15.7500 15.8 4 
INTRODUCTORY EXERCISE 
1. Round off the following numbers to three significant figures : 
(a) 24572 (b) 24.937 (c) 36.350 (d) 42.450 x 10? 


2. Round 7423996 to four, three and two significant digits. 


2.4 Algebraic Operations with Significant Figures 


The final result shall have significant figures corresponding to their number in the least accurate 
variable involved. To understand this, let us consider a chain of which all links are strong except the 
one. The chain will obviously break at the weakest link. Thus, the strength of the chain cannot be 
more than the strength of the weakest link in the chain. 


Addition and Subtraction 
Suppose, in the measured values to be added or subtracted the least number of digits after the decimal 


is n. Then, in the sum or difference also, the number of digits after the decimal should be n. 


© Example 2.5 1.24 3.45 + 6.789 = 11.439 = 11.4 
Here, the least number of significant digits after the decimal is one. Hence, the result 
will be 11.4 (when rounded off to smallest number of decimal places). 


© Example 2.6 12.68 — 10.2 = 2.43 = 2.4 
Multiplication or Division 


Suppose in the measured values to be multiplied or divided the least number of significant digits be n. 
Then in the product or quotient, the number of significant digits should also be n. 
© Example 2.7 1.2 x 36.72 = 44.064 = 44 


The least number of significant digits in the measured values are two. Hence, the result 
when rounded off to two significant digits become 44. Therefore, the answer is 44. 
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-1 
e Example 2.8 119199 19; 94117647 = 108 


10.2 ms ! 
© Example 2.9 Find, volume of a cube of side a 2 1.4 x 10 ? m. 
Solution Volume V = a? 
-(L4x10?)x (14x10?)x(1.4x10?)2 2.744 x 10 $m? 


Since, each value of a has two significant figures. Hence, we will round off the result to two 
significant figures. 


V-22/7x10 $m? Ans. 


© Example 2.10 Radius of a wire is 2.50 mm. The length of the wire is 50.0 cm. 
If mass of wire was measured as 25 g, then find the density of wire in correct 
significant figures. 
[Given, m = 3.14, exact] 


Solution Given, r= 2.50 mm (three significant figures) 
= 0.250 cm (three significant figures) 
Note Change in the units of measurement of a quantity does not change the number of significant figures. 
Further given that, 
l= 50.0 cm (three significant figures) 
m= 25 gm (two significant figures) 
T = 3.14 exact (infinite significant figures) 
m m 
Y trl 
_ 25 
(3.14)(0.250)(0.250)(50.0) 
= 2.5477 g/cm? 


But in the measured values, least number of significant figures are two. Hence, we will round off 
the result to two significant figures. 


p=2.5 g/cm? Ans. 


INTRODUCTORY EXERCISE 


1. Round to the appropriate number of significant digits 
(a) 13.214 + 234.6 + 7.0350 + 6.38 
(b) 1247 + 134.5 + 450 + 78 
2. Simplify and round to the appropriate number of significant digits 
(a) 16.235 x 0.217 x5 
(b) 0.00435 x 4.6 
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2.5 Error Analysis 


We have studied in the above articles that no measurement is perfect. Every instrument can measure 
upto a certain accuracy called Least Count (LC). 


Least Count 


The smallest measurement that can be measured accurately by an instrument is called its least count. 


Instrument Its least count 
mm scale 1mm 
Vernier callipers 0.1 mm 
Screw gauge 0.01 mm 
Stop watch 0.1 sec 
Temperature thermometer 1°C 


Permissible Error due to Least Count 

Error in measurement due to the limitation (or least count) of the instrument is called permissible 
error. Least count of a millimeter scale is 1 mm. Therefore, maximum permissible error in the 
measurement of a length by a millimeter scale may be 1 mm. 
If we measure a length /=26 mm. Then, maximum value of true value may be (26 +1) mm =27 mm 
and minimum value of true value may be (26 — 1) mm =25 mm. 
Thus, we can write it like, 

1— (26 +1) mm 
If from any other instrument we measure a length 224.6 mm, then the maximum permissible error 
(or least count) from this instrument is 0.1 mm. So, we can write the measurement like, 

l= (24.6 € 0.1) mm 


Classification of Errors 


Errors can be classified in two ways. First classification is based on the cause of error. Systematic 
error and random errors fall in this group. Second classification is based on the magnitude of errors. 
Absolute error, mean absolute error and relative (or fractional) error lie on this group. Now, let us 
discuss them separately. 


Systematic Error 

Systematic errors are the errors whose causes are known to us. Such errors can therefore be 

minimised. Following are few causes of these errors : 

(a) Instrumental errors may be due to erroneous instruments. These errors can be reduced by using 
more accurate instruments and applying zero correction, when required. 

(b) Sometimes errors arise on account of ignoring certain facts. For example in measuring time period 
of simple pendulum error may creep because no consideration is taken of air resistance. These 
errors can be reduced by applying proper corrections to the formula used. 

(c) Change in temperature, pressure, humidity, etc., may also sometimes cause errors in the result. 
Relevant corrections can be made to minimise their effects. 


20 © Mechanics - I 


Random Error 
The causes of random errors are not known. Hence, it is not possible to remove them completely. 
These errors may arise due to a variety of reasons. For example the reading of a sensitive beam 
balance may change by the vibrations caused in the building due to persons moving in the laboratory 
or vehicles running nearby. The random errors can be minimized by repeating the observation a large 
number of times and taking the arithmetic mean of all the observations. The mean value would be 
very close to the most accurate reading. Thus, 


a; +d, +... +a, 
mean ^. 


n 


Absolute Error 
The difference between the true value and the measured value of a quantity is called an absolute error. 
Usually the mean value a,, is taken as the true value. So, if 
Gy iA 


m 
n 


Then by definition, absolute errors in the measured values of the quantity are, 
Ad, =a, — a 
Aa, = Ay — a2 


Absolute error may be positive or negative. 


Mean Absolute Error 
Arithmetic mean of the magnitudes of absolute errors in all the measurements is called the mean 
absolute error. Thus, 

_ |Aa,|+|Aa,|+... +|Aa, | 


mean ^. 


Aa 


n 


The final result of measurement can be written as, a = a,, * Aa pean 


This implies that value of a is likely to lie between a,, + Aa mean and a, — AA mean- 


Relative or Fractional Error 
The ratio of mean absolute error to the mean value of the quantity measured is called relative or 
fractional error. Thus, 

A mean 


a 


Relative error = 


m 


Relative error expressed in percentage is called as the percentage error, 1.e. 


Aa 
Percentage error = —“ x 100 
a 


m 
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© Example 2.11 The diameter of a wire as measured by screw gauge was found 
to be 2.620, 2.625, 2.630, 2.628 and 2.626 cm. Calculate 


(a) mean value of diameter (b) absolute error in each measurement 
(c) mean absolute error (d) fractional error 
(e) percentage error (f) Express the result in terms of percentage error 


Solution (a) Mean value of diameter 
. 2.620 + 2.625 + 2.630 + 2.628 + 2.626 
m 5 


a 


= 2.6258cm 
= 2.626cm (rounding off to three decimal places) 
(b) Taking a,, as the true value, the absolute errors in different observations are, 
Aa, = 2.626— 2.620 = + 0.006cm 
Aa, —2.626— 2.625 -* 0.001cm 
Aa; = 2.626 — 2.630 =— 0.004 cm 
Aa, = 2.626— 2.628 —— 0.002cm 
Aa; = 2.626— 2.626 = 0.000cm 


(c) Mean absolute error, 
_ [Aa |+ |Aa5|* |Aa; |+ |Aa4| * |Aas| 


Aa mean 5 
_ 0.006 + 0.001 + 0.004 + 0.002 + 0.000 
5 
= 0.0026= 0.003 (rounding off to three decimal places) 
(d) Fractional error = + ined ECO =+ 0.001 
a 2.626 


(e) Percentage error 2 t 0.001 x 100=+ 0.1% 
(f) Diameter of wire can be written as, 
d = 2.626 € 0.1% 


Combination of Errors 
Errors in Sum or Difference 
Letx=axtb 


Further, let Aa is the absolute error in the measurement of a, Ab the absolute error in the measurement 
of b and Ax is the absolute error in the measurement of x. 


Then, x+ Ax - (a t Aa) t (b t Ab) 
—(atb)t(tA^atrtAD) 
=x + (+ Aa + Ab) 

or Ax — t Aa + Ab 


The four possible values of Ax are (Aa — AD), (Aa + Ab), (—Aa — Ab) and (—Aa + AD). 
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Therefore, the maximum absolute error in x is, 

Ax =+ (Aa + Ab) 
i.e. the maximum absolute error in sum and difference of two quantities is equal to sum of the absolute 
errors in the individual quantities. 


© Example 2.12 The volumes of two bodies are measured to be 
V, = (10.2 + 0.02) cem? and V, = (6.4 £0.01) em?. Calculate sum and difference in 


volumes with error limits. 
Solution V, = (10.2 0.02)cm? 


and V, = (6.4 € 0.01) cm? 
AV 2 t (AV, + AV; ) 
=+ (0.02 + 0.01) em? = € 0.03 cm? 
V, +V, = (10.2- 64)cm? = 16.6cm? 
and V, - V, =(10.2— 6.4)em? = 3.8cm? 


Hence, sum of volumes = (16.6 + 0.03) cm? 
and difference of volumes = (3.8 € 0.03) cm? 


Errors in a Product 
Let x = ab 
Then, (x + Ax) = (a + Aa) (b+ Ab) 


r IJ (2%) 
x a b 


A Ab A Aa Ab 
or a 21g t4 See oe (as x = ab) 
x b a a b 
or pe eg 
x a b a b 


^a Ab. . 
Here, Lm P is a small quantity, so can be neglected. 
a 


Hence, QAI, e Um 
a b 
A A A A 
Possible values of a Be *) (- = + P and |- = a : 
x a a b a b 


Hence, maximum uin value of 


Ax Aa Ab 
=t + 
x a b 

Therefore, maximum fractional error in product of two (or more) quantities is equal to sum of 
fractional errors in the individual quantities. 
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Errors in Division 


Let x= 


Then, xtAx- 


or 


3 (aot) pe en 
ZI 


s 1325.4 20 AO Aa. Ab 
x a b a b 


Aa Ab. : 
Here, = P is small quantity, so can be neglected. Therefore, 
a 


x a b 
Possible values of ex are Bs — zu ; Bd + AP ; Ba — Al and p + ap . Therefore, the 
x a b a b a b a b 


maximum value of 


w2 +) 


x a b 


or the maximum value of fractional error in division of two quantities is equal to the sum of fractional 
errors in the individual quantities. 


Error in Quantity Raised to Some Power 


n 


a 
Let, x = 


p" j 


Then, In (x) 2 nln (a)— m In (b) 


Differentiating both sides, we get 
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Therefore, maximum value of 


Note Errors in product and division can also be obtained by taking logarithm on both sides G x=aborx= 3 
and then differentiating. 


© Example 2.13 The mass and density of a solid sphere are measured to be 
(12.4 + 0.1) kg and (4.6 € 0.2) kg/m?. Calculate the volume of the sphere with 


e 


error limits. 
Solution Here, m+ Am= (12.4 0.1) kg 


(rounding off to one decimal place) 


| 


and p+ Ap - (4.6 0.2) kg/m? 
Volume zx = 
p 4.6 
=2.69m? = 2.7 m? 
Now, Ar afan, Ae 
V m 
or AV =+ (= ææ 
m 


jv 


- ol, i) x 2.7=+0.14 


12.4 4.6 
Vt AV = (2.7 0.14) m? 


Example 2.14 Calculate percentage error in determination of time period of a 


pendulum 


r= 2n|2 
8 


where, l and g are measured with + 1% and + 2%. 


Solution T = 2x n 
g 


or T=(20) (0? (g) ^ 


Taking logarithm of both sides, we have 


In (T)= In (2m)+ 5 (In »-) In (g) (i) 


Here, 27 is a constant, therefore In (27) is also a constant. 


Differentiating Eq. (i), we have 


Lar-os NI an- 
T 2A 


B (dg) 
Sg 
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Or (=) = maximum value of mu i + 1 dg 
T ere 21 2g 
2\ 1 2\¢g 
This can also be written as 


[A x100) -iZ x:100] +5 Ag x 199 
T mx DLE 2| g 


or percentage error in time period 


: 1 ; 
-t $ (percentage error in /) + S (percentage error in e) 


=#[Jxt43x2]= 21.5% Ans. 
2 2 


Final Touch Points 


Order of Magnitude In physics, a number of times we come across quantities which vary over a 
wide range. For example, size of universe, mass of sun, radius of a nucleus etc. In this case, we use 
the powers of ten method. In this method, each number is expressed as n x10, where1 € n «x10 and 
m is a positive or negative integer.If n is less than or equal to 5, then order of number is 10" and 
if n is greater than 5 then order of number is 10" * *. 

For example, diameter of the sun is 1.39 x 10? m. Therefore, the diameter of the sun is of the order of 
10? m as n or 1.39 « 5. 


Solved Examples 


Note 


Note 


Note 


Example 1 Round off 0.07284 to four, three and two significant digits. 


Solution 0.07284 (four significant digits) 
0.0728 (three significant digits) 
0.073 (two significant digits) 


Example 2 Round off 231.45 to four, three and two significant digits. 


Solution 231.5 (four significant digits) 
231 (three significant digits) 
230 (two significant digits) 


Example 3 Three measurements are a = 483, b = 73.67 and c = 15.67. Find the 
value ug to correct significant figures. 
c 


Solution ab _ 483x 73.67 
c 15.67 
=2270.7472 


=2.27x10° Ans. 


The result is rounded off to least number of significant figures in the given measurement i.e. 3 (in 483). 


Example 4 Three measurements are, a = 25.6, b = 21.1 and c = 2.48. Find the 
value a — b — cto correct significant figures. 
Solution a—b—-c-25.6 - 21.1 —2.43 

-2.07 22.1 Ans. 


In the measurements, least number of significant digits after the decimal is one (in 25.6 and 21.1). Hence, 
the result will also be rounded off to one decimal place. 


Example 5 A thin wire has a length of 21.7 cm and radius 0.46 mm. Calculate 
the volume of the wire to correct significant figures. 

Solution Given, [221.7 cm, r 0.46 mm 20.046 cm 

Volume of wire V = nr?l 


= E (0.046)? (21.7) 
= 0.1443 cn? 20.14 cm? 


The result is rounded off to least number of significant figures in the given measurements i.e. 
2 (in 0.46 mm). 
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© Example 6 The radius of a sphere is measured to be(1.2 € 0.2 ) cem. Calculate its 
volume with error limits. 


Solution Volume, V = s Tr = 5 2) (1.2) 


= 7.24 cm? = 7.2 em? 


Further, BE =3 ($) 
V r 


AV Ry | .3x0.2x 7.2 


r 1.2 


=3.6 cm? 
V = (7.2 + 3.6) cm? 


© Example 7 Calculate equivalent resistance of two resistors R, and R, in 
parallel where, R, =(6 € 0.2) ohm and R, -(3 £0.1) ohm 
Solution In parallel, 


1 1 1 . 
—=— + — ...(1) 
R R R, 
Or, RR, (00) 2 ohm 
R +R, 6+3 


Differentiating Eq. (i), we have 
dR_ dR, dk, 
R? R GE 


Therefore, maximum permissible error in equivalent resistance may be 


Substituting the values we get, 
R= + e" 
6) 68) 
— 0.07 ohm 
R= (2 + 0.07) ohm Ans. 


Exercises 


Objective Questions 
Single Correct Option 


1. 


The number of significant figures in 3400 is 


(a) 3 (b) 1 
(c) 4 (d) 2 
. The significant figures in the number 6.0023 are 
(a) 2 (b) 5 
(c) 4 (d) 3 


. The length and breadth of a metal sheet are 3.124 m and 3.002 m respectively. The area of this 


sheet upto correct significant figure is 
(a) 9.378 m? (b) 9.37 m’ 
(c) 9.4 m? (d) None of these 


. The length, breadth and thickness of a block are given by l= 12 cm, b= 6 cm and t= 2.45 cm. 


The volume of the block according to the idea of significant figures should be 


(a) 1x10? cm? (b) 2 x10? em? 
(c) 1.763 x 10? em? (d) None of these 
. If error in measurement of radius of a sphere 1s 196, what will be the error in measurement of 
volume? 
(a) 1% (b) $n 
(c) 396 (d) None of these 


. The density of a cube is measured by measuring its mass and length of its sides. If the 


maximum error in the measurement of mass and length are 4% and 3% respectively, the 
maximum error in the measurement of density will be 
(a) 7% (b) 9% 
(c) 1296 (d) 13% 


. Percentage error in the measurement of mass and speed are 2% and 3% respectively. The error 


in the measurement of kinetic energy obtained by measuring mass and speed will be 
(a) 12% (b) 1096 
(c) 896 (d) 596 


. A force F' 1s applied on a square plate of side L. If the percentage error in the determination of L 


is 2% and that in F 1s 4%. What is the permissible error in pressure? 
(a) 896 (b) 696 (c) 496 (d) 2% 


. The heat generated in a circuit is dependent upon the resistance, current and time for which 


the current is flown. If the error in measuring the above are 1%, 2% and 1% respectively, then 
maximum error in measuring the heat 1s 
(a) 896 (b) 696 (c) 1896 (d) 1296 


10. 


11. 


12. 


13. 


14. 
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Let g be the acceleration due to gravity at the earth's surface and K the rotational kinetic 
energy of the earth. Suppose the earth's radius decreases by 2%. Keeping all other quantities 
constant, then 

(a) g increases by 2% and K increases by 2% 

(b) gincreases by 4% and K increases by 4% 

(c) g decreases by 4% and K decreases by 2% 

(d) g decreases by 2% and K decreases by 4% 


A physical quantity A is dependent on other four physical quantities p, q, r and s as given by 


A- d The percentage error of measurement in p, q, r and s are 196, 396, 0.596 and 0.3396 


rs 

respectively, then the maximum percentage error in A is 
(a) 2% (b) 0% 

(c) 4% (d) 3% 


The length of a simple pendulum is about 100 cm known to have an accuracy of 1 mm. Its period 
of oscillation is 2 s determined by measuring the time for 100 oscillations using a clock of 0.1 s 
resolution. What is the accuracy in the determined value of g? 


(a) 0.2% (b) 0.5% 

(c) 0.1% (d) 2% 

The mass of a ball is 1.76 kg. The mass of 25 such balls is 
(a) 0.44 x 10° kg (b) 44.0 kg 
(c) 44 kg (d) 44.00 kg 


The least count of a stop watch is 0.2 s. The time of 20 oscillations of a pendulum is measured to 
be 25 s. The percentage error in the time period is 

(a) 1.2% (b) 0.8 96 

(c) 1.8 96 (d) None of these 


Subjective Questions 


1. 


Write down the number of significant figures in the following 


(a) 6428 (b) 62.00 m 

(c) 0.00628 cm (d) 1200 N 
. Write the number of significant digits in the following 

(a) 1001 (b) 100.1 

(c) 100.10 (d) 0.001001 
. State the number of significant figures in the following 

(a) 0.007 m? (b) 2.64 x 1074 kg (c) 0.2370 g/cm? 
. Round the following numbers to 2 significant digits 

(a) 3472 (b) 84.16 

(c) 2.55 (d) 28.5 


. Perform the following operations 


(a) 703 + 7+ 0.66 (b) 2.21 x 0.3 (c) 12.4 x 84 


. Add 6.75 x 10? cm to 4.52 x 10? cm with regard to significant figures. 


25.2x 1374 


. Evaluate — 33 All the digits in this expression are significant. 


30 


16. 


17. 


18. 


19. 
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. Solve with due regards to significant figures 


(4.0x 104 — 2.5 x 10 9) 


. The mass of a box measured by a grocer's balance is 2.300 kg. Two gold pieces of masses 20.15 g 


and 20.17 g are added to the box. What is (a) the total mass of the box, (b) the difference in the 
masses of the pieces to correct significant figures ? 


. A thin wire has length of 21.7 cm and radius 0.46 mm. Calculate the volume of the wire to 


correct significant figures. 


. A cube has a side of length 2.342 m. Find volume and surface area in correct significant figures. 


. Find density when a mass of 9.23 kg occupies a volume of 1.1 m?. Take care of significant 


figures. 


. Length, breadth and thickness of a rectangular slab are 4.234 m, 1.005 m and 2.01 m 


respectively. Find volume of the slab to correct significant figures. 


. The radius of a sphere is measured to be (2.1 + 0.5) cm. Calculate its surface area with error 


limits. 


. The temperature of two bodies measured by a thermometer are (20 + 0.5)? C and (50 + 0.5)? C. 


Calculate the temperature difference with error limits. 
The resistance R= x, where V = (100+ 5.0) V and 7 =(10+ 0.2) A. Find the percentage error 


in R. 
2 


Find the percentage error in specific resistance given by p = BE wherer is the radius having 


value (0.2 + 0.02) cm, R is the resistance of (60 + 2) ohm and Lis the length of (150 + 0.1) cm. 
A physical quantity p is related to four variables o, D, y and n as 
E "E 
BEN 


The percentage errors of measurements in o, D, y and n are 1%, 3%, 4% and 2% respectively. Find 
the percentage error in p. 


The period of oscillation of a simple pendulum is T = 2x4 L/ g. Measured value of L is 20.0 cm 
known to 1 mm accuracy and time for 100 oscillations of the pendulum is found to be 90 s using 
a wrist watch of 1s resolution. What is the accuracy in the determination of g ? 


Introductory Exercise 2.1 


Answers 


1. (a) 0.01 cm (b) 3 
(c) 6 and 2 are absolutely correct and 4 is doubtful. 
2. (a) 0.001 cm (b) 4 


(c) 3, 2 and 6 are absolutely correct and 7 is doubtful. 


Introductory Exercise 2.2 
1. (a)4 (b) 2 
(e) 6 (f) 4 


Introductory Exercise 2.3 
1. (a) 24600 (b) 24.9 
2. 742400, 742000, 740000 


Introductory Exercise 2.4 
1. (a) 261.2 (b) 1910 


Objective Questions 
1.(d  2.() 3. (a) 
11. (c) 12. (a) 13. (b) 


4. (b) 
14. (b) 


Subjective Questions 

1. (a)4 (b)4 (c)3 (d)2 
(a) 1 (b)3 (c)4 

5. (a)711 (b)0.7 (c)1.0x10° 
7. 1040 
9 
1 


w 


. (8) 2.3 kg (b) 0.02 gm 

. Area = 5.485 m?, Volume = 12.85 m? 
Volume = 8.55 n? 

(30+ 1»C 

23.4% 

2.7 % 


(c) 2 


(c) 36.4 


2. (a) 20 


(d) 4 


(d) 42.4 x 10? 


(b) 0.020 
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6. (d) 7. (c) 8. (a) 9. (b) 


.(a)4 (b)4 (c)5 (d)4 
. (a) 3500 (b) 84 (c)2.6 (d) 28 
. 7.20 x 10° cm 


.4.0x 10% 
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. Density = 8.4 kg/m? 


. (55.4 + 26.4) cm? 
.7% 
. 13% 
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Focal Length of a Convex Lens using u-v method 


3.1 Vernier Callipers 


Length is an elementary physical quantity. The device generally used in everyday life for 
measurement of length is a meter scale (we can also call it mm scale). It can be used for measurement 
of length with an accuracy of 1 mm. So, the least count of a meter scale is | mm. To measure length 
accurately upto 0.1 mm or 0.01 mm vernier callipers and screw gauge are used. 


Vernier callipers has following three parts : 
(i) Main scale It consists of a steel metallic strip M, graduated in cm and mm at one edge. 
It carries two fixed jaws A and C as shown in figure. 


Main scale 


Fig. 3.1 


(ii) Vernier scale Vernier scale V slides on metallic strip M. It can be fixed in any position by screw 
S. The side of the vernier scale which slide over the mm sides has ten divisions over a length of 9 mm. 
B and D two movable jaws are fixed with it. When vernier scale is pushed towards A and C, then B 
touches A and straight side of C will touch straight side of D. In this position, if the instrument is free 
from error, zeros of vernier scale will coincide with zeros of main scales. To measure the external 
diameter of an object it is held between the jaws A and B, while the straight edges of C and D are used 
for measuring the internal diameter of a hollow object. 


(iii) Metallic strip There is a thin metallic strip E attached to the back side of M and connected with 
vernier scale. When jaws A and B touch each other, the edge of E touches the edge of M. When the 
jaws A and B are separated E moves outwards. This strip E is used for measuring the depth ofa vessel. 


Principle (Theory) 


In the common form, the divisions on the vernier scale V are smaller in size than the smallest division 
on the main scale M, but in some special cases the size of the vernier division may be larger than the 
main scale division. Let n vernier scale divisions (VSD) coincide with (n — 1) main scale divisions 
(MSD). Then, 

n VSD- (n-1) MSD 


or ivsp=(") Msp 
n 


IMSD-1vsD=1MSD-( 7 
n 


) MSD = = MSD 
n 
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The difference between the values of one main scale division and one vernier scale division is known 
as Vernier Constant (VC) or the Least Count (LC). This is the smallest distance that can be 
accurately measured with the vernier scale. Thus, 


m . | 
VC=LC=1MSD-1VSD= 1 MSD = Smallest evn on iiu, e 
n Number of divisions on vernier scale 


In the ordinary vernier callipers one main scale division be 1 mm and 10 vernier scale divisions 
coincide with 9 main scale divisions. 


| VSD == MSD = 09 mm 


VC =1 MSD- 1 VSD = 1 mm- 0.9 mm 


= 0.1 mm = 0.01 cm 


Reading a Vernier Callipers 


If we have to measure a length AB, the end A is coincided with the zero of main scale, suppose the end 
B lies between 1.0 cm and 1.1 cm on the main scale. Then, 


1.0cm < AB «1.1cm 


0 
mnm 


Fig. 3.2 


Let 5th division of vernier scale coincides with 1.5 cm of main scale. 
Then, AB =1.0+5 x VCz (1.04 5x 0.01) cm= 1.05 cm 
Thus, we can make the following formula, 


Total reading = N +n x VC 


Here, NV = main scale reading before on the left of the zero of the vernier scale. 


n = number of vernier division which just coincides with any of the main scale division. 


Note Thatthe main scale reading with which the vernier scale division coincides has no connection with reading. 


Zero Error and Zero Correction 


If the zero of the vernier scale does not coincide with the zero of main scale when jaw B touches A and 
the straight edge of D touches the straight edge of C, then the instrument has an error called zero 
error. Zero error is always algebraically subtracted from measured length. 


Zero correction has a magnitude equal to zero error but its sign 1s opposite to that of the zero error. 
Zero correction is always algebraically added to measured length. 


Zero error —— algebraically subtracted 
Zero correction ——> algebraically added 
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Positive and Negative Zero Errors 


If zero of vernier scale lies to the right of the main scale the zero error is positive and if it lies to the left 
of the main scale the zero error is negative (when jaws A and B are in contact). 


Positive zero error = (N +x x VC) 


Here, N = main scale reading on the left of zero of vernier scale. 


x = vernier scale division which coincides with any main scale division. 


When the vernier zero lies before the main scale zero the error is said to be negative zero error. If 8th 


vernier scale division coincides with the main scale division, then 


Summary 


1. VC=LC= 


1MSD _ 


Negative zero error =— [0.00 cm+8 x VC] 


= — [0.00 cm +8 x 0.01 cm] 
—-—0.08cm 
No Zero Error 
0 9 mm 
| LL LLELLI | Main scale 
| nu | DES Vernier scale 
0 10 divisions 
Negative Error 
0 9 mm 
|_| | | LI LI | Main scale 
| u " LITET] | Vernier scale 
0 10 divisions 
Positive Error 
(0 9 mm 
| LI LI | | | || Main scale 
Fr dq ET m Vernier scale 
0 8 10 divisions 


Fig. 3.3 Positive and negative zero error 


Smallest division on main scale 


n 


Number of divisions on vernier scale 


2. In ordinary vernier callipers, 1 MSD = 1 mm and 1 210 


VC or 


iis em — 0.01cm 
10 


3. Total reading = (N +n x VC) 


A 


Zero correction = — zero error 
Zero error is algebraically subtracted while the zero correction is algebraically added. 


=1 MSD -1 VSD 
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. Ifzero of vernier scale lies to the right of zero of main scale the error is positive. The actual length 
in this case is less than observed length. 


. If zero of vernier scale lies to the left of zero of main scale the error is negative and the actual 
length is more than the observed length. 


. Positive zero error = (N +x x VC) 


© Example 3.1 N divisions on the main scale of a vernier callipers coincide with 
N +1 divisions on the vernier scale. If each division on the main scale is of a 
units, determine the least count of the instrument. (JEE 2003) 


Solution (N +1) divisions on the vernier scale = N divisions on main scale 


1 division on vernier scale = divisions on main scale 


+1 


Each division on the main scale is of a units. 


— ; N ; j 
1 division on vernier scale = i a units — a' (say) 
+ 


Least count = | main scale division — 1 vernier scale division 


L N a 
—a-a-a a= 
ai N«1 


© Example 3.2 In the diagram shown in figure, find the magnitude and nature 
of zero error. 


Fig. 3.4 
Solution Here, zero of vernier scale lies to the right of zero of main scale, hence, it has 
positive zero error. 
Further, N=0, x=5, LC or VC- 0.01 cm 
Hence, Zero error=N+xxVC 
=0+ 5x 0.01=0.05cm 
Zero correction = — 0.05 cm 
-. Actual length will be 0.05 cm less than the measured length. 


© Example 3.3 The smallest division on main scale of a vernier callipers is 
1 mm and 10 vernier divisions coincide with 9 main scale divisions. While 
measuring the length of a line, the zero mark of the vernier scale lies between 
10.2 cm and 10.3 cm and the third division of vernier scale coincides with a 
main scale division. 


(a) Determine the least count of the callipers. 
(b) Find the length of the line. 
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Solution (a) Least Count (LC) = Smallest dron on Tiat apale 
Number of divisions on vernier scale 
= A mm= 0.1 mm = 0.01cm 

10 


(b) L2 N * n(LC)- (10.24 3x 0.01)em- 10.23cm 


INTRODUCTORY EXERCISE | 


1. The main scale of a vernier callipers reads 10 mm in 10 divisions. Ten divisions of vernier scale 
coincide with nine divisions of the main scale. When the two jaws of the callipers touch each 
other, the fifth division of the vernier coincides with 9 main scale divisions and the zero of the 
vernier is to the right of zero of main scale, when a cylinder is tightly placed between the two jaws, 
the zero of the vernier scale lies slightly to the left of 3.2 cm and the fourth vernier division 
coincides with a main scale division. Find diameter of the cylinder. 


2. In a vernier callipers, N divisions of the main scale coincide with N + m divisions of the vernier 
scale. What is the value of m for which the instrument has minimum least count. 


3.2 Screw Gauge 


Principle of a Micrometer Screw 


The least count of vernier callipers ordinarily available 
in the laboratory is 0.01 cm. When lengths are to be 
measured with greater accuracy, say upto 0.001 cm, 
screw gauge and spherometer are used which are based 
on the principle of micrometer screw discussed 
below. 


If an accurately cut single threaded screw is rotated in a 
closely fitted nut, then in addition to the circular motion 
of the screw there is a linear motion of the screw head in the forward or backward direction, along the 
axis of the screw. The linear distance moved by the screw, when it is given one complete rotation is 
called the pitch (p) of the screw. This is equal to the distance between two consecutive threads as 
measured along the axis of the screw. In most of the cases, it is either 1 mm or 0.5 mm. A circular cap 
is fixed on one end of the screw and the circumference of the cap is normally divided into 100 or 50 


Fig. 3.5 


1 
equal parts. If it is divided into 100 equal parts, then the screw moves forward or backward by 100 


1 
(or x) ofthe pitch, if the circular scale (we will discuss later about circular scale) is rotated through 


one circular scale division. It is the minimum distance which can be accurately measured and so 
called the Least Count (LC) of the screw. 


Pitch 
Number of divisions on circular scale 


Thus, Least count — 
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If pitch is 1 mm and there are 100 divisions on circular scale then, 


1mm 


LC- — 0.01 mm 
100 


— 0.001 cm =10um 
Since, LC is of the order of 10 um, the screw is called micrometer screw. 


Screw Gauge 


Screw gauge works on the principle of Circular (Head) 
micrometer screw. It consists of a U-shaped Scale 
metal frame M. At one end of it is fixed a small 
metal piece A. It is called stud and it has a plane 
face. The other end N of M carries a cylindrical 
hub ZH. It is graduated in millimeter and half 
millimeter depending upon the pitch of the 
screw. This scale is called linear scale or pitch 
Scale. 


A nut is threaded through the hub and the frame 
N. Through the nut moves a screw S. The front 
face B of the screw, facing the plane face A is Fig. 3.6 

also plane. A hollow cylindrical cap K is 

capable of rotating over the hub when screw is rotated. As the cap is rotated the screw either moves in 
or out. The surface E ofthe cap K is divided into 50 or 100 equal parts. It is called the circular scale or 
head scale. In an accurately adjusted instrument when the faces A and B are just touching each other. 
Zero of circular scale should coincide with zero of linear scale. 


Linear (Pitch) 
Scale 


To Measure Diameter of a Given Wire Using a Screw Gauge 


If with the wire between plane faces A and B, the edge ofthe cap lies ahead of N th division of linear 
scale, and nth division of circular scale lies over reference line. 


Wire 


Fig. 3.7 


Then, Total reading = N + n x LC 
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Zero Error and Zero Correction 


If zero mark of circular scale does not coincide with the zero of the pitch scale when the faces A and B 
are just touching each other, the instrument is said to possess zero error. If the zero of the circular 
scale advances beyond the reference line the zero error is negative and zero correction is positive. If 
it is left behind the reference line the zero is positive and zero correction is negative. For example, if 
zero of circular scale advances beyond the reference line by 5 divisions, zero correction = + 5 x (LC) 
and if the zero of circular scale is left behind the reference line by 5 divisions, zero correction 
=-—5x (LC). 


Circular scale Circular scale 
OF EO 
E-5 E9 
E 0 = 
Reference line Reference line 
(a) Positive zero error (b) Negative zero error 
Fig. 3.8 


Note In negative zero error 95" division of the circular scale is coinciding with the reference line. Hence there are 
5 divisions between zero mark on the circular scale and the reference line. 


Back Lash Error 
When the sense of rotation of the screw is suddenly changed, the screw head may rotate, but the screw 
itself may not move forward or backwards. Thus, the scale reading may change even by the actual 
movement of the screw. This is known as back lash error. This error is due to loose fitting of the 
screw. This arises due to wear and tear of the threading due to prolonged use of the screw. To reduce 
this error the screw must always be rotated in the same direction for a particular set of observations. 


© Example 3.4 The pitch of a screw gauge is 1 mm and there are 100 divisions 
on the circular scale. In measuring the diameter of a sphere there are six 
divisions on the linear scale and forty divisions on circular scale coincide with 
the reference line. Find the diameter of the sphere. 


Solution LC= ES = 0.01 mm 
100 


Linear scale reading = 6 (pitch) = 6 mm 
Circular scale reading = n (LC) = 40x 0.012 0.4 mm 
Total reading = (6+ 0.4) 2 6.4 mm 


© Example 3.5 The pitch of a screw gauge is 1 mm and there are 100 divisions 
on circular scale. When faces A and B are just touching each without putting 
anything between the studs 32nd division of the circular scale (below its zero) 
coincides with the reference line. When a glass plate is placed between the studs, 
the linear scale reads 4 divisions and the circular scale reads 16 divisions. Find 
the thickness of the glass plate. Zero of linear scale is not hidden from circular 
scale when A and B touches each other. 


Solution Least count (LC) = = EUM i 
Number of divisions on circular scale 100 


= 0.01 mm 


Chapter 3 Experiments * 41 


As zero is not hidden from circular scale when A and B touches each other. Hence, the screw 
gauge has positive error. 


e=+n(LC)= 32x 0.012 0.32 mm 
Linear scale reading = 4 x (1 mm) = 4 mm 
Circular scale reading = 16x (0.01 mm) = 0.16 mm 
Measured reading = (4 + 0.16) mm = 4.16 mm 
Absolute reading = Measured reading — e 
= (4.16— 0.32) mm = 3.84 mm 
Therefore, thickness of the glass plate is 3.84 mm. 


INTRODUCTORY EXERCISE 
1. Read the screw gauge shown below in the figure. 
Given that circular scale has 100 divisions and in one complete |, , |, 70 
rotation the screw advances by 1mm. 0 5 10 
Scale 
Fig. 3.9 


2. The pitch of a screw gauge having 50 divisions on its circular scale is 1 mm. When the two jaws of 
the screw gauge are in contact with each other, the zero of the circular scale lies 6 divisions 
below the line of graduation. When a wire is placed between the jaws , 3 linear scale divisions are 
clearly visible while 31st division on the circular scale coincides with the reference line. Find 
diameter of the wire. 


3.3 Determination of ‘g’ using a Sun pe Pendulum 


In this experiment, a small spherical bob is - 
hanged with a cotton thread. This arrangement is (6 should be small) 
called simple pendulum. The bob is displaced , 
slightly and allowed to oscillate. 

The period of small oscillations is given by -i- 


p — o 
=a |t Fig. 3.10 
S 


where, L=l+r (as shown in figure) 
= equivalent length of pendulum 
4n?L f 
g= (i) 
T 2 


To find time period, time taken for 50 oscillations is noted using a stop watch. 


_ Time taken for 50 oscillations 
i 50 


Now, substituting the values of T and L in Eq. (i), we can easily find the value of 'g 
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Graphical Method of Finding Value of g 


Eq. (1) can also be written as TS 
> [4v ) - 
T° =| — IL ...(ii) i 
& J Slope = tan 0 = 7 
=> T' e 
Therefore, T? versus L graph is a straight line passing through 
RE 4x? 

origin with slope 2| —— O a 

g ) Fig. 3.11 


Therefore, from the slope of this graph (= 4x? / g) we can determine the value of g. 


© Example 3.6 In a certain observation we get | = 23.2 cm, r 2 1.32 cm and time 
taken for 20 oscillations was 20.0 sec. Taking n? — 10, find the value of g in 
proper significant figures. 
Solution Equivalent length of pendulum, 
L= 23.2 cm+ 1.32 cm = 24.52 cm 
= 24.5 cm (according to addition rule of significant figures) 
Time period, T = A = ].00 s. Time period has 3 significant figures 
_ 4x 10x 24.5x 10? 
(1.00 


= 9.80 m/s? Ans. 


Now, g - (417) L 
T 


© Example 3.7 For different values of L, we get different values of T?. The 
graph between L versus T? is as shown in figure. Find the value of 'g' from the 
given graph. (Take n? = 10). 


Solution From the equation, T —-2n E 
E 
we get, L- [5r > LT?’ 
4T 


i.e. L versus T? graph is a straight line passing through origin with slope = £ 
4T 
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Slope = tan 0 = £ or g=(4n")tan® 
4n 


_ 4X 10x 0.98 _ 9.8 m/s2 Ans. 


© Example 3.8 Ina certain observation we got, | =23.2 cm,r = 1.32 cm and time 
taken for 10 oscillations was 10.0 s. Find, maximum percentage error in 
determination of 'g'. 


Solution 7=232cm => Al=0.1 cm 
r=132cm => Ar=0.01 cm 
t=100s => At=0.1s 


Now, gan Je Py 
T- (t/n) 


-. Maximum percentage error in g will be 


(=) ioo. AM. (4 x 100 
g ltr t 


-| 0.1+0.01 yy 2 
23.24 1.32 10.0 

=2.4% Ans. 
INTRODUCTORY EXERCISE 


What is a second's pendulum ? 

Why should the amplitude be small for a simple pendulum experiment ? 

Does the time period depend upon the mass, the size and the material of the bob ? 
What type of graph do you expect between (i) L and T and (ii) L and [52 

Why do the pendulum clocks go slow in summer and fast in winter ? 

Why do we use Invar material for the pendulum of good clocks ? 

A simple pendulum has a bob which is a hollow sphere full of sand and oscillates with 
certain period. If all that sand is drained out through a hole at its bottom, then its period 
(a) increases (b) decreases 

(c) remains same (d) is zero 

8. The second's pendulum is taken from earth to moon, to keep the time period constant 
(a) the length of the second's pendulum should be decreased 

(b) the length of the second's pendulum should be increased 

(c) the amplitude should increase 

(d) the amplitude should decrease 


NOahoON >= 
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3.4 Young's Modulus by Searle's Method 


Young's modulus of a wire can be determined by an ordinary experiment as discussed below. 


L 
Load = w= Mg 

l 

if 

l 


Fig. 3.13 


A mass M is hanged from a wire of length L, cross sectional radius r and Young's modulus Y. Let 
change in length in wire is /. Then, 


F M 
Stress = — = a 
A mr 
. l 
Strain = — 
L 
St Mg/nr? 
and Young's modulus Y = xus or Y2—9 
Strain UL 
E 
Ge 
nr^Y 
(7) 
or [2 3 w 
nr^Y 
— lœ w 


Therefore, / versus w graph is a straight line passing through origin with 


Slope = —,— = tan 0 
nr Y 
Elongation (/) 
A 
Slope = tan 0 
— 
nr?Y 


(i) 


— mr? (tan 0) 


Thus, by measuring the slope (or tan 0) we can find Young's modulus Y from Eq. (1). 


2 
Note We can also take load along y-axis and elongation along x-axis. In that case, slope = = 
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Limitations of this Method 


Fig. 3.15 


1. For small loads, there may be some bends or kinks in the wire. So, it is better to start with some 
initial weight, so that wire becomes straight. 


2. There is slight difference in behaviour of wire under loading and unloading load. 


Load Load 
A 
Loading 
Unloading 
Loading : 
Unloading 
> Elongation Elongation 
Ideal situation Real situation 
Fig. 3.16 


Modification in Searle's Method 


To keep the experimental wire straight and kink free we start with some dead load (say 2 kg). Now, 


we gradually increase the load and measure the extra elongation. 
Al 


Slope = tan 0 


Aw 
Fig. 3.17 
{L 
(5) 
=> ar-( L Jaw 
nr Y 
=> Al « Aw 


or Al versus Aw graph is again a straight line passing through origin with same slope, —— 
nr Y 
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To measure extra elongation, compared to initial loaded position, we use a reference wire also 
carrying 2 kg. 


Experiment 
wire 


Reference 
wire 


2 kg 


Fig. 3.18 
Searle's Apparatus w 
A ? o = 

It consists of two metal frames P and Q hinged together, such that E gA B! E ò 
they can have only vertical relative motion. A spirit level (S.L.) is $$: 55 
supported at one end on a rigid cross bar frame whose other end rests € A A z 
on the tip of a micrometer screw C. If there is any relative motion F LZ ZZ F 
between the two frames, the spirit level no longer remains horizontal 


and the bubble is displaced in the spirit level. 


To bring the bubble back to its original position, the screw has to be 
moved up or down. The distance through which the screw has to be 
moved gives the relative motion between the two frames. 


The frames are suspended by two identical long wires of the same 
material, from the same rigid horizontal support. Wire B is the 
experimental wire and the wire A acts simply as a reference wire. The 
frames are provided with hooks H, and H, at their ends from which 
weights are suspended. The hook H, attached to the frame of the 
reference wire carries a constant weight W to keep the wire taut. To 
the hook H, of the experimental wire (i.e. wire B), is attached a 
hanger over which slotted weights can be placed to apply the 
stretching force, Mg. 


Method 


Step 1| Measure the length of the experimental wire. 


Step 2 | Measure the diameter of the experimental wire with the help of a screw gauge at about five 
different places. 


Step3 Find pitch and least count of the micrometer and adjust it such that the bubble in spirit level 
is exactly at the centre. Also note down the initial reading of micrometer. 


Step 4) Gradually increase the load on the hanger H, in steps of 0.5 kg. Observe the reading on the 


micrometer at each step after levelling the instrument with the help of spirit level. To avoid the 
backlash error, all the final adjustments should be made by moving the screw in the upward direction 


only. 


Step 5 Unload the wire by removing the weights in the same order and take the reading on the 
micrometer screw each time. The readings during loading and unloading should agree closely. 


Step © Plot Al versus Aw graph and from its slope determine the value of Y. We have seen above 


that, 


Observation 


Slope = tan 9 = 


nr^Y 
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L 


" (ur) tan 0 


Initial reading / 2 0.540 mm, Radius of the wire = 0.200 mm 


Extra load 
S.No. on hanger 
Am (kg) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 


«oo -|[o|c|B»Éjcj|mi|-— 


EN 
[e] 


Micrometer reading Mean 
Extra load reading 
AW(N) During loading During unloading (p + q)/2 
(p) (mm) (q) (mm) (mm) 
5 0.555 0.561 0.558 
10 0.565 0.571 0.568 
15 0.576 0.580 0.578 
20 0.587 0.593 0.590 
25 0.597 0.603 0.600 
30 0.608 0.612 0.610 
35 0.620 0.622 0.621 
40 0.630 0.632 0.631 
45 0.641 0.643 0.642 
50 0.652 0.652 0.652 
Extra 4 
Elongation 0.112 C 
Amm) 0.102 slope = tan 0 -20 
0.060 
0.018 
Extra load 
AW(N) 


Extra 
elongation 
(mm) 
0.018 
0.028 
0.038 
0.050 
0.060 
0.070 
0.081 
0.091 
0.102 
0.112 
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© Example 3.9 The adjacent graph shows the extension (Al) of a wire of length 
1 m suspended from the top of a roof at one end and with a load w connected to 
the other end. If the cross-sectional area of the wire is 10 9 m? , calculate from 
the graph the Young's modulus of the material of the wire. (JEE 2003) 
Al(x10-4 m) 


20 40 60 80 
Fig 3.21 


Solution Al (x) > Alew 
YA 


i.e. Al versus w graph is a straight line passing through origin (as shown in question also), the 


slope of which is — . 
YA 


-( a (80— 20) 
10°) (4=1) «107 
=2.0x10'! N/m? Ans. 


© Example 3.10 In Searle’s experiment, which is used to find Young’s modulus 
of elasticity, the diameter of experimental wire is D=0.05 cm (measured by a 
scale of least count 0.001 cm) and length is L = 110 cm (measured by a scale of 
least count 0.1 cm). A weight of 50 N causes an extension of 1=0.125 cm 
(measured by a micrometer of least count 0.001 cm). Find maximum possible 
error in the values of Young’s modulus. Screw gauge and meter scale are free 


from error. (JEE 2004) 
Solution Young’s modulus of elasticity is given by 
stress 
Y= - 
strain 


_FIA_ FL | FL 
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Substituting the values, we get 
50x 1.1« 4 


(1.25x10? )x mx (5.0x 107)? 
=2.24x10!! N/m? 

AY AL Al „Ad 
=—+—+ 


Now, 2 

Y L J d 

(Sae) joai 
110) (0.125 0.05 

AY = (0.0489) Y 
= (0.0489) x (2.24 x 10!! ) N/m? 
=1.09x 10? Nim? 

INTRODUCTORY EXERCISE 
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Ans. 


1. A student performs an experiment to determine Young's modulus of a wire, exactly 2 m long by 


Searle's method. In a particular reading the student measures the extension in the length of the 

wire to be 0.8 mm with an uncertainty of + 0.05 mm at a load of 1.0 kg . The student also 

measures the diameter of the wire to be 0.4 mm with an uncertainty of + 0.01 mm. Take 

g =9.8 m/s? (exact). Find Young's modulus of elasticity with limits of error. 

. Which of the following is wrong regarding Searle's apparatus method in finding Young's modulus 

of a given wire ? 

(a) Average elongation of wire will be determined with a particular load while increasing the load 
and decreasing the load. 

(b) Reference wire will be just taut and experimental wire will undergo for elongation. 

(c) Air bubble in the spirit level will be disturbed from the central position due to relative 
displacement between the wires due to elongation. 

(d) Average elongation of the wires is to be determined by increasing the load attached to 
both the wires. 


3.5 Determination of Specific Heat 
Determination of Specific Heat Capacity of a given Solid 


Specific heat of a solid can be determined by the "Method of Mixture" using the concept of the 


"Law of Heat Exchange" i.e. 
Heat lost by hot body = Heat gained by cold body 


The method of mixture is based on the fact that when a hot solid body is mixed with a cold body, the 
hot body loses heat and the cold body absorbs heat until thermal equilibrium is attained. At 
equilibrium, final temperature of mixture is measured. The specific heat ofthe solid is calculated with 


the help of the law of heat exchange. 
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Let 
Mass of solid = m, kg 
Mass of liquid = m, kg 
Mass of calorimeter = m, kg 
Initial temperature of solid =7,K 
Initial temperature of liquid = 7, K Thermometer 
Initial temperature of the calorimeter = 7, K 


Caloriemeter 


Specific heat of solid = c, Liquid 
Specific heat of liquid = c, Solid substance 


Specific heat of the material of the calorimeter = c, 


Fig. 3.22 


Final temperature of the mixture = T K 
According to the law of heat exchange 
Oros by solid = Qcained by liquid + OGained by calorimeter 
m,c, (T, - T) 2 mjc; (T - T;) e m,c, (T -T,) 
_ mc, (T- Ty) * mc, (T-T) 
d m, (T, - T) 


Which is the required value of specific heat of solid in J/kg-K. 


Determination of Specific Heat Capacity of the given Liquid by the 
Method of Mixtures 


To determine the specific heat capacity of a liquid by the method of mixtures a solid of known 
specific heat capacity is taken and the given liquid 1s taken in the calorimeter in place of water. 
Suppose a solid of mass m, and specific heat capacity c, is heated to T,°C and then mixed with 

m, mass of liquid of specific heat capacity c, at temperature 7,. The temperature of the mixture is T. 
Then, 


Heat lost by the solid = m,c, (T; — T) 
Heat gained by the liquid plus calorimeter = (mj c, + m.c) (T — Tj) 
By law of heat exchange, 
Heat lost = Heat gained 
Mg Cs (T, -T)- (mc T6.) (T-I) 
From this equation, we calculate the value of c,. However, the procedure remains exactly the same as 
done previously. 
Note Specific heat is also called specific heat capacity and may be denoted by S, similarly temperature by 9. 
6 Example 3.11 The mass, specific heat capacity and the temperature of a solid 
1 , 2 
are 1000 g, 5 cal/ g-°C and 80? C respectively. The mass of the liquid and the 
calorimeter are 900 g and 200 g. Initially, both are at room temperature 20? C. 
Both calorimeter and the solid are made of same material. In the steady state, 


temperature of mixture is 40? C, then find the specific heat capacity of the 
unknown liquid. 
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Solution m, = mass of solid = 1000g, S, = specific heat of solid = : cal/g -° C 


= S, or specific heat of calorimeter 
m, = mass of calorimeter = 200 g 
m, = mass of unknown liquid = 900g 
S , = specific heat of unknown liquid 


From law of heat exchange, 
Heat given by solid = Heat taken by calorimeter + Heat taken by unknown liquid 


mS, |A0; |= m, $5 |A0; |+ mS, |A0, | 
1000 - x (80 40) = 200x + (40- 20) + 900 x S, (40— 20) 


Solving this equation we get, S, = 1cal/g-?^ C Ans. 


Electrical Calorimeter 


Figure shows an electrical calorimeter to determine 
specific heat capacity of an unknown liquid. We take a 
known quantity of liquid in an insulated calorimeter and 
heat it by passing a known current (7) through a heating 
coil immersed within the liquid. First of all, mass of 
empty calorimeter is measured and suppose it is m. 
Then, the unknown liquid is poured in it. Now, the 
combined mass (of calorimeter and liquid) is measured 
and let it be m5. So, the mass of unknown liquid is 
(m; — m, ). Initially, both are at room temperature (0). 


Now, current 7 is passed through the heating coil at a 
potential difference V for time ¢. Due to this heat, the Calorimeter 

temperature of calorimeter and unknown liquid increase Fig. 3.23 
simultaneously. Suppose the final temperature is O F If there is no heat loss to the surroundings, then 
Heat supplied by the heating coil = heat absorbed by the liquid + heat absorbed by the calorimeter. 


Vit = (m, - m ) S; 0 p —89)+m,S, (0 s — 04) 


Here S, = Specific heat of unknown liquid and 
S, = Specific heat of calorimeter 
i : : 1 Vit 
Solving this equation we get, $,- E uu mS, 
My — nm; 0 f — 0 0 


Note The sources of error in this experiment are errors due to improper connection of the heating coil and the 
radiation losses. 
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© Example 3.12 In electrical calorimeter experiment, voltage across the heater is 
100.0 V and current is 10.0 A. Heater is switched on for t = 700.0 s. Room 
temperature is 8, = 10.0? C and final temperature of calorimeter and unknown 
liquid is 0, = 73.0° C. Mass of empty calorimeter is m, = 1.0 kg and combined 
mass of calorimeter and unknown liquid is m, = 3.0 kg. Find the specific heat 
capacity of the unknown liquid in proper significant figures. Specific heat of 
calorimeter = 3.0 x 10? J/kg°C 
Solution Given, V 2100.0 V, i=10.0A, ¢=700.0s, 0) =10.0°C, 0, = 73.0°C, 

m, =1.0 kg and m, = 3.0 kg 


Substituting the values in the expression, 


$,- l a m S, 
m, — m 0, —06 


1  [(100.0)10.0)(700.0) 
3.0- 1.0 73.0—10.0 


we have, = (1.0) (3.0 x 10? | 


=4.1x 10° J/kg° C Ans. 


(According to the rules of significant figures) 


3.6 Speed of Sound using Resonance Tube 
Apparatus 


Figure shows a resonance tube. It consists of a long 
vertical glass tube T. A metre scale S (graduated in mm) is 
fixed adjacent to this tube. The zero of the scale coincides 
with the upper end of the tube. The lower end of the tube T 
is connected to a reservoir R of water tube through a pipe 
P. The water level in the tube can be adjusted by the 
adjustable screws attached with the reservoir. The vertical 
adjustment of the tube can be made with the help of 
levelling screws. For fine adjustments of the water level in 
the tube, the pinchcock is used. 


Principle 


If a vibrating tuning fork (of known frequency) is held 
over the open end of the resonance tube T, then resonance 
is obtained at some position as the level of water is 
lowered. If eis the end correction of the tube and /, is the 
length from the water level to the top ofthe tube, then 


ieech-i(7] ...(i) 


4 4 


Chapter 3 Experiments * 53 


Here, v is the speed of sound in air and f is the frequency of tuning fork (or air column). Now, the 
water level is further lowered until a resonance is again obtained. If/, is the new length of air column, 


Then, = 
" 


ef fe 
Á k 
h 
Y 
h 
Y 
L+e=—= alll 
2 me 4 (ii) 
Subtracting Eq. (1) from Eq. (ii), we get 
Ifv ji. 
L-l, = F or v-2f (L-1) ...(iii) 


So, from Eq. (iii) we can find speed of sound v. 
Note We have nothing to do with the end correction e, as far as v is concerned. 
6 Example 3.13 Corresponding to given observation calculate speed of sound. 
Frequency of tuning fork = 340 Hz 


Length from the water level (in cm) 


Resonance 
During falling During rising 
First 23.9 24.1 
Second 73.9 74.1 


Solution Mean length from the water level in first resonance is 


23.9 - 24.1 
l = 
2 
= 24.0 cm 
Similarly, mean length from the water level in second resonance is 
73.9+ 74.1 
L = 
2 
= 74.0 cm 
-. Speed of sound, 
v-2f(h -h) 


= 2x 340 (0.740 — 0.240) 
= 340 m/s Ans. 
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© Example 3.14 If a tuning fork of frequency (340 + 1%) is used in the resonance 
tube method and the first and second resonance lengths are 20.0 cm and 74.0 cm 
respectively. Find the maximum possible percentage error in speed of sound. 


Solution l, = 20.0 cm 


= Al, =0.1 cm 
=> L = 74.0 cm 
zs Al, = 0.1 cm 
v - 2f(L -L) 
BY days aioa su 755. ugs 
y L -h 
= 1% 4 0.1+ 0.1 x 100 
74.0— 20.0 
— 1964- 0.3796— 1.37 96 Ans. 
INTRODUCTORY EXERCISE 


1. In the experiment for the determination of the speed of sound in air using the resonance column 
method, the length of the air column that resonates in the fundamental mode, with a tuning fork is 
0.1 m. When this length is changed to 0.35 m, the same tuning fork resonates with the first 


overtone. Calculate the end correction. (JEE 2003) 
(a) 0.012 m (b) 0.025 m 
(c) 0.05 m (d) 0.024 m 


2. Astudentis performing the experiment of resonance column. The diameter of the column tube is 
4 cm. The frequency of the tuning fork is 512 Hz. The air temperature is 38? C in which the speed 
of sound is 336 m/s. The zero of the meter scale coincides with the top end of the resonance 


column tube. When the first resonance occurs, the reading of the water level in the column is 
(JEE 2012) 


(a) 14.0 cm (b) 15.2 cm 
(c) 6.4 cm (d) 17.6 cm 


3.7 Verification of Ohm's Law using Voltmeter and Ammeter 


Ohm’s law states that the electric current J flowing through a conductor is directly proportional to the 
potential difference (V ) across its ends provided that the physical conditions of the conductor (such as 
temperature, dimensions, etc.) are kept constant. Mathematically, 


Vel or V-IR 


Here, R isa constant known as resistance of the conductor and depends on the nature and dimensions 
of the conductor. 
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Circuit Diagram The circuit diagram is as shown below. 


K 
ET <—_(e} 


Ammeter 


Voltmeter 
Fig. 3.26 


Procedure 


By shifting the rheostat contact, readings of ammeter and voltmeter are 
noted down. At least six set of observations are taken. Then, a graph is 
plotted between potential difference V and current /. The graph comes to 
be a straight line as shown in figure. 


I (amp) 


Result V (volt) 


Fig. 3.27 


f eae 
It is found from the graph that the ratio T is constant. Hence, current 


voltage relationship is established, i.e. V œ Z. It means Ohm's law is established. 


Precautions 
1. The connections should be clean and tight. 
Rheostat should be of low resistance. 
Thick copper wire should be used for connections. 
The key should be inserted only while taking observations to avoid heating of resistance. 


oP wn 


The effect of finite resistance of the voltmeter can be over come by using a high resistance 
instrument or a potentiometer. 


6. The lengths of connecting wires should be minimised as much as possible. 
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Error Analysis 
The error in computing the ratio 


V. . 
R= F is given by 
AR AV " AI 
R V I 
where, AV and A/Z are the order of the least counts of the instruments used. 


© Example 3.15 What result do you expect in above experiment, if by mistake, 
voltmeter is connected in series with the resistance. 
Solution Due to high resistance of voltmeter, current (and therefore reading of ammeter) in the 
circuit will be very low. 


© Example 3.16 What result do you expect in above experiment if by mistake, 
ammeter is connected in parallel with voltmeter and resistance as shown in 


figure? 


Fig. 3.28 


Solution As ammeter has very low resistance, therefore most of the current will pass through 
the ammeter so reading of ammeter will be very large. 


6 Example 3.17 In the experiment of Ohm's law, when potential difference of 
10.0 V is applied, current measured is 1.00 A. If length of wire is found to be 
10.0 cm and diameter of wire 2.50 mm, then find maximum permissible 
percentage error in resistivity. 


Solution R= pl = E (1) 
A I 
where, p = resistivity and 


A = cross sectional area 
Therefore, from Eq. (1) 
2 
ER see! (ii) 


d AI 
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2 
where, A= = (d = diameter) 


From Eq. (ii), we can see that maximum permissible percentage error in p will be 


a E (e 


-[2x 0.01, 01, 01, 201) 100 


2.50 10.0 10.0 1.00 
=3.8% Ans. 


© Example 3.18 Draw the circuit for experimental verification of Ohm’s law 
using a source of variable DC voltage, a main resistance of 100 Q, two 
galvanometers and two resistances of values 10° Q and 10? Q respectively. 


Clearly show the positions of the voltmeter and the ammeter. [JEE 2004] 
Solution _-.. Ammeter __----- -.. Voltmeter 

/10-3 OF zx 108% 

LNANANN AANNNN 


Variable DC voltage 
Fig. 3.29 


INTRODUCTORY EXERCISE 


1. In an experiment, current measured is, / = 10.0 A, potential difference measured is V = 100.0 V, 
length of the wire is 31.4 cm and the diameter of the wire is 2.00 mm (all in correct significant 
figures). Find resistivity of the wire in correct significant figures. [Take x = 3.14, exact] 

2. In the previous question, find the maximum permissible percentage error in resistivity and 
resistance. 

3. To verify Ohm's law, a student is provided with a test resistor R}, a high resistance R}, a small 
resistance R5, two identical galvanometers G, and G,, and a variable voltage source V. The 
correct circuit to carry out the experiment is 


Rr R4 Rr Ro Rr Rr 
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3.8 Meter Bridge Experiment 


Meter bridge works on Wheat stone's bridge principle and is used to find the unknown resistance (X) 
and its specific resistance (or resistivity). 


Theory 
As the metre bridge wire AC has uniform material density and area of cross-section, its resistance is 
proportional to its length. Hence, AB and BC are the ratio arms and their resistances correspond to P 
and Q respectively. 

Resistance of AB. P _ Al | l 

Resistance of BC Q (100-7) 100-/ 


Thus, 


Here, A is the resistance per unit length of the bridge wire. 


Unknown resistance 


Resistance box 


0 10 20 30 40/50 60 70 80 90 100 
mmm UPPER mmm 


=n nota 
A P B Q 
» I ne (100-1) 
ji E 
kK * 
i 4 
Fig. 3.31 


Hence, according to Wheatstone's bridge principle, 
When current through galvanometer is zero or bridge is balanced, then 


E 
B X 
Or x-En 
P 
(8 JL (i) 


So, by knowing R and / unknown resistance X can be determined. 
Specific Resistance From resistance formula, 


or p- 
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For a wire of radius r or diameter D =2r, 
D 

A=mr? =—— 
4 


| XnD? 


AT ...(ii) 


or 


By knowing X, D and L we can find specific resistance of the given wire by Eq. (11). 


Precautions 


1. The connections should be clean and tight. 

2. Null point should be brought between 40 cm and 60 cm. 

3. Atone place, diameter of wire (D) should be measured in two mutually perpendicular directions. 
4. The jockey should be moved gently over the bridge wire so that it does not rub the wire. 


End Corrections 


In meter bridge, some extra length (under the metallic strips) comes at points A and C. Therefore, 
some additional length (o and B) should be included at the ends. Here, œ and B are called the end 
corrections. Hence in place of / we use +œ and in place of 100 — / we use 100 — / + p. 
To find « and B, use known resistors R, and R, in place of R and X and suppose we get null point 
length equal to /,. Then, 

Ri la 


- sU 
Now, we interchange the positions of R, and R, and suppose the new null point length is /,. Then, 
R Ll +a 
=? (ii) 
Ri 100 m b + p 
Solving Eqs. (1) and (i1), we get 
_ Rh - Rib 
Rib — Rol 
and B= -100 


© Example 3.19 If resistance R, in resistance box is 300 Q, then the balanced 
length is found to be 75.0 cm from end A. The diameter of unknown wire is 
1 mm and length of the unknown wire is 31.4 cm. Find the specific resistance of 
the unknown wire. 

l 


100- 7 


Solution d - 
X 


5 x [Sota (9977 
75 


Jeo- 100 Q 


Now, ge pi 


A (nd?/4) 
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nd?’ X 
4l 
_ (22/7) (10? } (100) 
(4)(0.314) 
=2.5x 10“ Q-m Ans. 


p= 


© Example 3.20 Ina meter bridge, null point is 20 cm, when the known 
resistance R is shunted by 10 Q resistance, null point is found to be shifted by 
10 cm. Find the unknown resistance X. 

l 


100-7 


Solution R = 
X 


xu ja 


or ge o ado NO 
20 


When known resistance R is shunted, its net resistance will decrease. Therefore, resistance 
parallel to this (1.e. P) should also decrease or its new null point length should also decrease. 


mor 
X 100-/ 
B 20-10 | 
100- (20-10) 9 
or X=9R' ...(11) 
From Eqs. (i) and (11), we have 
4R =9R’=9 us 
10+R 
Solving this equation, we get 
R27 g 
4 
Now, from Eq. (1), the unknown resistance 
X =4R=4 (2 
4 
Or X 2500 Ans. 


Note R'is resultant of R and 10 Q in parallel. 


or 
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© Example 3.21 If we use 100 Q and 200 Q in place of R and X we get null 
point deflection, | = 38 cm. If we interchange the resistors, the null point length 
is found to be 67 cm. Find end corrections a and p. 

a- 2h -Rila _ (200)83)- (100)(67) _ 


Solution lem Ans. 

R,-R; 100 — 200 

p- Rh - R3l _ 100 
R, -R, 
_ (100)(33) - (200) (67) 100 
100 — 200 
= Tom Ans. 
INTRODUCTORY EXERCISE 


1. A resistance of 2 Q is connected across one gap of a meter bridge (the length of the wire is 
100 cm) and an unknown resistance, greater than 2 Q, is connected across the other gap. When 
these resistance are interchanged, the balance point shifts by 20 cm. Neglecting any 
corrections, the unknown resistance is (JEE 2007) 
(a)3 Q (b)4 Q (c)5 9 (d)6 O 

2. A meter bridge is set-up as shown in figure, to determine an unknown resistance X using a 
standard 10 Q resistor. The galvanometer shows null point when tapping-key is at 52 cm mark. 
The end-corrections are 1 cm and 2 cm respectively for the ends A and B. The determined value 
of X is (JEE 2011) 


Fig. 3.32 


(a) 10.2 Q (b) 10.6 Q (c) 10.8 Q (d) 11.1 Q 
3. R, R2, R3 are different values of R. A, B and C are the null points obtained corresponding to R4, R> 
and R, respectively. For which resistor, the value of X will be the most accurate and why? 
(JEE 2005) 


Fig. 3.33 
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3.9 Post Office Box 


Post office box also works on the principle of Wheatstone's bridge. 


P B Q C 
[] 
1 
1 
1 
1 
1 


NE (a XE 49 
x m a 00 10 10 100 1000 
[aS Wig d 3 39 a: 
5000 £009 990 1000 | 500 200 200 100 R 

D 3s i 


ce E E, CRE IE?) 924? 
1 2 2 x5 | 10 20 20 50 
Shunt) © Kx KS e i 
Voy 
G 
Fig. 3.34 


P R : 
In a Wheatstone's bridge circuit, if 7 then the bridge is balanced. So, unknown resistance 


x -Eg. 
P 


P and Q are set in arms AB and BC where we can have, 100,100 Q or1000 © resistances to set any 


Q 


ratio —. 
P 


These arms are called ratio arm, initially we take Q 210 Q and P =10 Q to set 2 =1. The unknown 


resistance (X ) is connected between C and D and battery is connected across A and C. 


Now, put resistance in part A to D such that the bridge gets balanced. For this keep on increasing the 
resistance with 1 Q interval, check the deflection in galvanometer by first pressing key K, then 
galvanometer key K,. 


Suppose at R = 4Q, we get deflection towards left and at R 2 5 Q, we get deflection towards right. 
Then, we can say that for balanced condition R should lie between 4 Q to 5 Q. 


Now, Fo! go E ET 
P 10 


1 P =100 
Two get closer value of X, in the second observation, let us choose Q =— i.e. 
P 10 Q=10 
Suppose, now at R = 42 . We get deflection towards left and at R = 43 deflection is towards right. 
So R e (42, 43). 
Q 10 


1 1 
Now, X == R = — R = — R, where R e (42, 43 Q). Now, to get further closer value take Q = — 
P 100 10 P 100 


and so on. 


The observation table is shown below. 


Resistance in the Ratio arm Resistance in 
arm (AD (R) 


(ohm) 


S.No. 


AB (P) (ohm) BC (Q) (ohm) 


10 4 


2 100 10 


3 1000 10 


So, the correct value of X is 4.25 Q 
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Unknown resistance 


Direction of Q 
i= P x R (ohm) 


deflection 
Left 
Right 
Left (large) 


4to5 


(4.2 to 4.3) 
Right (large) 
Left 

Right 

Left 

Left 

No deflection 
Right 


4.25 


© Example 3.22 To locate null point, deflection battery key (K,) is pressed before 


the galvanometer key (K, ). Explain why? 


Solution If galvanometer key K, is pressed first then just after closing the battery key K, 


current suddenly increases. 


So, due to self induction, a large back emf is generated in the galvanometer, which may damage 


the galvanometer. 


Example 3.23 What are the maximum and minimum values of unknown 


resistance X, which can be determined using the post office box shown in the 


Fig. 3.34 ? 


Solution 


1000 


= —— (11110 
id ( ) 


=1111kQ 
O nin R ain 


P. 


_ 0) 0) 
1000 
=0.01Q 


min 


Ans. 


Ans. 
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INTRODUCTORY EXERCISE 


1. In post office box experiment, i2 E SUM In R if 142 Q is used then we get deflection towards right 


and if R 2143 Q, then deflection is towards left. What is the range of unknown resistance? 

2. Whatis the change in experiment if battery is connected between B and C and galvanometer is 
connected across A and C ? 

3. Forthe post office box arrangement to determine the value of unknown resistance, the unknown 


resistance should be connected between (JEE 2004) 
: : 


C 
0—0—$— o oO 


Fig. 3.35 
(a) B and C (b) C and D (c) A and D (d) B and C, 


3.10 Focal Length of a Concave Mirror using u-v Method 


In this experiment, a knitting needle is used as an object O mounted in front of the concave mirror. 


M 
Image 
io x: 

nj 

RU n 
Image Object 
needle needle u 

Bas » 


[7 
Fig. 3.36 


First of all, we make a rough estimation of f. For this, make a sharp image of a far away object (like 
sun) on a filter paper. The image distance of the far object will be an approximate estimation of focal 
length f. 

Now, the object needle is kept beyond F, so that its real and inverted image / can be formed. You can 
see this inverted image in the mirror by closing your one eye and keeping the other eye along the pole 
of the mirror. 

To locate the position of the image use a second needle and shift this needle such that its peak 
coincide with the image. The second needle gives the distance of image v. This image is called image 
needle /. Note the object distance u and image distance v from the mm scale on optical bench. 


Take some more observations in similar manner. 
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Determining f from u-v Observation 
Method 1 


1 1 | 
Use mirror formula f — — + — to find focal length from each u-v observation. Finally taking average 
v u 


of all we can find the focal length. 


Method 2 
The relation between object distance u and the image v from the pole of the mirror is given by 
1 1 1 
—L—z-—. 
vou f 


where, f is the focal length of the mirror. The focal length ofthe concave mirror can be obtained from 


1 1 
— versus — graph. 
v u 


When the image is real (of course only upon then it can be obtained on screen), the object lies between 
focus (F ) and infinity. In such a situation, u, v and f all are negative. Hence, the mirror formula, 


oy oe! 1 
vou f v 
1 1 1 
becomes, ----=-— 
v u T 
; 1 1 1 
or again, ee er 
v u f 
1 | 1 
or —=-——4— 
y u f 
Comparing with y = mx + c, the desired graph will be a straight line with 2f f u 
1 ; 
slope —1 and intercept equal to f id 


zd] 1 : iios, : : 
The corresponding — versus — graph is as shown in Fig. 3.37. The intercepts on the horizontal and 
v u 


vertical axes are equal. It is equal to F A straight line OC at an angle 45° with the horizontal axis 


1 1 
intersects line AB at C. The coordinates of point C are E : x | - The focal length of the mirror can 
be calculated by measuring the coordinates of either of the points A, B or C. 
Method 3 

From u-v curve 

Relation between u and v is 
1 1 1 : 
—+-=— (i) 
vu f 


After substituting u, v and f with sign (all negative) we get the same result. 
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For an object kept beyond F, u-v graph is as shown in figure. If we draw a line 
u-y ...(ii) 


then, it intersects the graph at point P (2, 2f). 
V 


A 


2fH---> 


>U 


Fig. 3.38 


From u-v data plot v versus u curve and draw a line bisecting the axis. Find the intersection point and 
equate them to (2f, 2/^) 

By joining u, and v, : Mark uj, uv, u3...... u, along x-axis and v, , v5, v4...... v, along y-axis. If 
we join uj; with v; , u, with v», u, with v, and so on then all lines intersects at a common point (f, f ). 


V 
V4 
v2 
V3 
(f, f) 
Uy, U2 Us ? 
Fig. 3.39 
Explanation 
General equation of a line joining two points P (a, 0) and Q (0, b) is y 
y=mx+c Q 
-b 
=> y=—xtb b 
a 
o a p * 
=> Egg 
a b 
Now, line joining u and v, will be . 
x Fig. 3.40 
Bates] „Gii 
mo -r 
1 1 | 
where, p eem em 
uy Vi 
or fF. . (iv) 
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Similarly, line joining u, and v, is 


Juke NO 
Uy V2 

where, £ + £ =] ...(Vi) 
4) V2 

and line joining u, and v, is 
Sc e (vii) 
Vn Un 

where, £ + JE zl ... (Viii) 
u, v 


From Eq. (iv), (vi), (viii), we can say that x = f and y= f will satisfy all Eq. (iii), (v), (vii). So, point 
(f, f) will be the common intersection point of all the lines. 


From u-v data, draw uj, wu, ...... u, along x-axis and vj, Vz, ...... v, along y-axis. Join u with v, , u 


with v5, ...... u, With v, . Find common intersection point and equate it to (f, f). 


n 


Index Error 


Inu- v method, we require the distance between object or image from the pole P ofthe mirror. This is 
called actual distance. But practically, we measure the distance between the indices 4 and B. This is 
called the observed distance. The difference between two is called the index error (e). This is constant 
for every observation. 


B 
E mi 
AF y dA 
Fig. 3.41 


Index error = Observed distance — Actual distance 


To determine index error, mirror and object needle are placed at arbitery position. Measure the 
distances x and y as shown in figure. 

So, index error is e = observed distance — Actual distance = y — x 

once we get e, in every observation, we get 


Actual distance = Observed distance (separation between the indices) — excess reading (e) 
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© Example 3.24 To find index error (e) distance between object needle and pole 
of the concave mirror is 20 cm. The separation between the indices of object 
needle and mirror was observed to be 20.2 cm. In some observation, the observed 
image distance is 20.2 cm and the object distance is 30.2 cm. Find 


(a) the index error e. 
(b) focal length of the mirror f. 
Solution (a) Index error e= observed distance — actual distance 
= separation between indices — distance between object needle and pole of the mirror 
= 20.2- 20.0 = 0.2 cm Ans. 


(b) |u|2 30.2— 0.22 30cm 


u = — 30cm 
|v|= 20.2- 0.22 20cm 
v=-— 20cm 


Using the mirror formula, 
i ee epee | 1 1 
== = + 
f v u -20 -30 
or f=-12cm Ans. 


Note Since, it is a concave mirror, therefore focal length is negative. 


© Example 3.25 In u-v method to find focal length of a concave mirror, if object 
distance is found to be 10.0 cm and image distance was also found to be 10.0 cm, 
then find maximum permissible error in f. 
Solution Using the mirror formula, 
1 1 1] 


l-l22— (i 
"uu (i) 
we have, eee 
-10 -10 f 
=> f=-S5em or |f|=5cm 
Now, differentiating Eq. (1). 
we have, -df | du dv 
f u y 


This equation can be written as 
Au| |Av 
A flax = E + i TA 
u v 


Substituting the values we get, 


IA lira -| 


0.1 0.1 
iad 2 
(10) (10) 
| f| - (5x 0.05)cem Ans. 


| (5)? = 0.05 cm 


Chapter 3 Experiments e 69 


© Example 3.26 A student performed the experiment of determination of focal 
length of a concave mirror by u-v method using an optical bench of length 1.5 m. 
The focal length of the mirror used is 24 cm. The maximum error in the location 
of the image can be 0.2 cm. The 5 sets of (u,v) values recorded by the student 
(in cm) are (42, 56), (48, 48), (60, 40), (66, 33), (78,39). The data set(s) that 
cannot come from experiment and is (are) incorrectly recorded, is (are) (JEE 2009) 


(a) (42, 56) (b) (48, 48) (c) (66, 33) (d) (78, 39) 
Solution Values of options (c) and (d) do not match with the mirror formula, 
1 1 1] 
Spis 
v u f 


3.11 Focal Length of a Convex Lens using u-v Method 


In this experiment, a convex lens is fixed in position L and a needle is used as an object mounted in 
front of the convex lens. 


Object 
needle 


Fig. 3.42 


First of all, we make a rough estimation of f. For estimating f roughly make a sharp image of a far 
away object (like sun) on a filter paper. The image distance of the far object will be an approximate 
estimation of focal length. 


Now, the object needle is kept beyond F, so that its real and inverted image can be formed. To locate 
the position ofthe image, use a second needle and shift this needle such that its peak coincide with the 
image. The second needle gives the distance of image (v). Note the object distance u and image 
distance v from the mm scale on optical bench. 


Take 4 to 5 more observations in similar manner. 
Determining f from u-v Observations 
Method 1 


] 1 1 
Use lens formula F — — — — to find focal length corresponding to each u-v observation. Finally, take 
v u 


average of all. 


Method 2 


The relation between u, v and f for a convex lens is, 
1 1 1 


v u f 
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Using the proper sign convention, uis negative, v and f are positive. So, we have, 


m d 

v -u f 
1 1 1 
or —zm——-— 
y u f 


' 1 1 ; : : : 1 
Comparing with y=mx+c, — versus — graph is a straight line with v 
v u 


1 . . "E: 
slope —1 and intercept f The corresponding graph is as shown in f 


Fig. 3.43. Proceeding in the similar manner as discussed in case ofa , 
concave mirror the focal length of the lens can be calculated by 2f 
measuring the coordinates of either of the points A, B and C. 


The v versus u graph is as shown in the Fig. 3.44. By measuring the 


I . : > 
coordinates of point C whose coordinates are (2f, 2f) we can calculate O 4 t u 
the focal length of the lens. 

eee a Fig. 3.43 
2f j ------- 
ZONAS 
>u 
O 
Method 3 
By joining u, and v, 
Locate t4, Uy, us...... u, along x-axis and v, v5, v4 ...... v, y-axis. If we join uj with vj, u, with 
V5, uz With v4 and ............ so on. All lines intersect at a common point (— f, f ). 
V4 
V3 
V2 
va 
U2 Us U4 P 
Fig. 3.45 
From u-v data draw uj, uw ...... u, along x-axis and v}, v», ...... v, data on y-axis. Join u; and v, , u 
with v» ...... u, and v,. Find common intersection point and equate it to (~f, f ). 


Note Index error is similar to the concave mirror. 
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© Example 3.27 The graph between object distance u and image distance v for a 
lens is given below. The focal length of the lens is (JEE 2006) 
v 


gd 45°: 


+ ; u 
-9 -10 -11 
Fig. 3.46 
(a)5+0.1 (b) 5 + 0.05 (c) 0.5 + 0.1 (d) 0.5 + 0.05 
Solution From the lens formula, 
Eoo we have, 
f vou 
El : or f=+5 
f 10 -10 
Further, Au = 01 
and Av=0.1 (from the graph) 
Now, differentiating the lens formula, we have 
Af ^v Au 
POSU. 
or Af = (s + z) F 
v uw 
Substituting the values, we have 
Af = E + rj (5)? = 0.05 
10 10? 
ftAf=5+0.05 


The correct option is (b). 


Exercises 


Objective Questions 


1. For positive error, the correction is 
(a) positive (b) negative 
(c) nil (d) may be positive or negative 


2. Screw gauge is said to have a negative error 
(a) when circular scale zero coincides with base line of main scale 
(b) when circular scale zero is above the base line of main scale 
(c) when circular scale zero is below the base line of main scale 
(d) None of the above 


3. Vernier constant is the (One or more than one correct option may be correct) : 
(a) value of one MSD divided by total number of divisions on the main scale 
(b) value of one VSD divided by total number of divisions on the vernier scale 
(c) total number of divisions on the main scale divided by total number of divisions on the vernier 
scale 
(d) difference between the value of one main scale division and one vernier scale division 


4. Least count of screw gauge is defined as 


(a) 


distance moved by thimble on main scale 


number of rotation of thimble 
pitch of the screw 


(b) 
number of divisions on circular scale 


number of rotation of thimble 


©) number of circular scale divisions 
(d) None of the above 


5. In an experiment to find focal length of a concave mirror, a graph is drawn between the 
magnitudes of u and v. The graph looks like 


AV AV 
(a) (b) Pd 
[Lo Le 
AV AV 
(c) (d) 
u Lo 
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6. The graph between 2 and L for a concave mirror looks like 
U u 


1 
v 


<l> 


41 
v 


«I2 


|= 
|= 
cl- 


4 
u 
(a) (b) (c) (d) 


7T. AB is a wire of uniform resistance. The galvanometer G shows no deflection when the 
length AC = 20 cm and CB = 80 cm. The resistance Ris equal to 


R 800 


(a) 80 Q (b) 10 Q (c) 20 Q (d) 40 Q 


8. Select the incorrect statement. 
(a) If the zero of vernier scale does not coincide with the zero of the main scale, then the vernier 
callipers is said to be having zero error 
(b) Zero correction has a magnitude equal to zero error but sign is opposite to that of zero error 
(c) Zero error is positive when the zero of vernier scale lies to the left of the zero of the main scale 
(d) Zero error is negative when the zero of vernier scale lies to the left of the zero of the main scale 


9. In the Searle's experiment, after every step of loading, why should we wait for two minutes 
before taking the reading? (More than one options may be correct) 
(a) So that the wire can have its desired change in length 
(b) So that the wire can attain room temperature 
(c) So that vertical oscillations can get subsided 
(d) So that the wire has no change in its radius 


10. In a meter bridge set up, which of the following should be the properties of the one meter long 
wire? 

(a) High resistivity and low temperature coefficient 

(b) Low resistivity and low temperature coefficient 

(c) Low resistivity and high temperature coefficient 

(d) High resistivity and high temperature coefficient 

11. The mass of a copper calorimeter is 40 g and its specific heat in SI units is 4.2 x 10? J kg ! °C. 
The thermal capacity 1s 

(a) 4J*C^! (b) 18.6 J 

(c) 16.8 J /kg (d) 16.8 J°C* 


12. A graph is drawn with 1 along x-axis and 1 along the y-axis. If the intercept on the x-axis is 
U 


u 
0.5 m1, the focal length of the lens is (in meter) 


(a) 2.00 (b) 0.50 
(c) 0.20 (d) 1.00 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
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. For a post office box, the graph of galvanometer deflection versus De fection (n-divišion) 


R (resistance pulled out of resistance box) for the ratio 100 : 1 is 
given as shown. Find the value of unknown resistance. 


(a) 324 Q 
(b) 3.24 Q 
(o) 32.4 Q 
(d) None of the above 


R(Q) 


1 cm on the main scale of a vernier callipers is divided into 10 equal parts. If 10 divisions 
of vernier coincide with 8 small divisions of main scale, then the least count of the 
calliper is 


(a) 0.01 cm (b) 0.02 cm 

(c) 0.05 cm (d) 0.005 cm 

The vernier constant of a vernier callipers is 0.001 cm. If 49 main scale divisions 
coincide with 50 vernier scale divisions, then the value of 1 main scale division is 

(a) 0.1 mm (b) 0.5 mm 

(c) 0.4 mm (d) 1 mm 


1 cm of main scale of a vernier callipers is divided into 10 divisions. The least count of the 
callipers is 0.005 cm, then the vernier scale must have 

(a) 10 divisions (b) 20 divisions 

(c) 25 divisions (d) 50 divisions 


Each division on the main scale is 1 mm. Which of the following vernier scales give 
vernier constant equal to 0.01 mm ? 

(a) 9 mm divided into 10 divisions (b) 90 mm divided into 100 divisions 

(c) 99 mm divided into 100 divisions (d) 9 mm divided into 100 divisions 


A vernier callipers having 1 main scale division = 0.1 cm is designed to have a least count of 
0.02 cm. If n be the number of divisions on vernier scale and m be the length of vernier scale, 
then 

(a) n 210, m 20.5 cm (b) n 29, m 20.4 cm 

(c) n 210, m 20.8 cm (d) n 210, m 20.2 cm 


The length of a rectangular plate is measured by a meter scale and is found to be 10.0 cm. Its 
width is measured by vernier callipers as 1.00 cm. The least count of the meter scale and 
vernier calipers are 0.1 cm and 0.01 cm respectively. Maximum permissible error in area 
measurement is 


(a) € 0.2 cm? (b) € 0.1 em? 

(c) € 0.3 em? (d) zero 

In the previous question, minimum possible error in area measurement can be 
(a) + 0.02 em? (b) + 0.01 em? 

(c) € 0.03 em? (d) zero 


The distance moved by the screw of a screw gauge is 2 mm in four rotations and there are 
50 divisions on its cap. When nothing is put between its jaws, 20th division of circular scale 
coincides with reference line, and zero of linear scale is hidden from circular scale when two 
jaws touch each other or zero of circular scale 1s lying above the reference line. When plate is 
placed between the jaws, main scale reads 2 divisions and circular scale reads 20 divisions. 
Thickness of plate is 

(a) 1.1 mm (b) 1.2 mm (c) 1.4 mm (d) 1.5 mm 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 
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The end correction (e) is (4 = length of air column at first resonance and l, is length of air 
column at second resonance) 
l; — 31 - 3l 
2 “1 (b) e= s 
I, — 2l, L - 2L 
c) e = 4+ d) e = =—— 
(c) 5 (d) T 


(a) e= 


The end correction of a resonance tube is 1 cm. If shortest resonating length is 15 cm, the 
next resonating length will be 
(a) 47 cm (b) 45 cm (c) 50 cm (d) 33 cm 


A tuning fork of frequency 340 Hz is excited and held above a cylindrical tube of length 
120 cm. It 1s slowly filled with water. The minimum height of water column required for 
resonance to be first heard (Velocity of sound = 340 ms”) is 

(a) 25 cm (b) 75 cm (c) 45 cm (d) 105 cm 

Two unknown frequency tuning forks are used in resonance column apparatus. When only first 
tuning fork is excited the 1* and 2™ resonating lengths noted are 10 cm and 30 cm respectively. 
When only second tuning fork is excited the 1* and 2™ resonating lengths noted are 30 cm and 
90 cm respectively. The ratio of the frequency of the 1* to 2™ tuning fork is 

(3) 1:3 (b) 1:2 (c) 3:1 (d) 2:1 

In an experiment to determine the specific heat of aluminium, piece of aluminium weighing 
500 g is heated to 100 °C. It is then quickly transferred into a copper calorimeter of mass 500 g 
containing 300 g of water at 30 °C. The final temperature of the mixture is found to be 46.8 °C. If 
specific heat of copper is 0.093 cal g "c, then the specific heat of aluminium 1s 

(a) 0.11 cal g? °c! (b) 0.22 cal g ! °c} 

(c) 0.33 cal g ! °c} (d) 0.44 cal g ! *C1 

When 0.2 kg of brass at 100°C is dropped into 0.5 kg of water at 20°C, the resulting 
temperature is 23?C. The specific heat of brass is 

(a) 0.41 x 10° Jkg ! °C (b) 0.41 x 10*Jkg ! °C! 

(c) 0.41 x 10:Jkg ! °c (d) 0.41 Jkg ! *C1 

In an experiment to determine the specific heat of a metal, a 0.20 kg block of the metal at 150°C 
is dropped in a copper calorimeter (of water equivalent 0.025 kg) containing 150 cm? of water at 
27°C. The final temperature is 40°C. The specific heat of the metal is 

(a) 0.1 Jg ! °C" (b) 0.2 Jg™ c 

(c) 0.3 cal g* °C (d) 0.1 cal g™* *C^! 

The resistance in the left and right gaps of a balanced meter bridge are R, and R,. The 
balanced point is 50 cm. If a resistance of 24 Q is connected in parallel to R,, the balance 
point is 70 cm. The value of R, or R, is 

(a)12.Q (b) 8 Q (c) 162 (d) 32 Q 

An unknown resistance R, is connected in series with a resistance of 10 Q. This 
combination is connected to one gap of a meter bridge, while other gap is connected to 
another resistance R5. The balance point is at 50 cm. Now, when the 10 Q resistance is 
removed, the balance point shifts to 40 cm. Then, the value of R; is 

(a) 60 Q (b) 40 Q 

(c) 20 Q (d) 10 Q 
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Two resistances are connected in the two gaps of a meter bridge. The balance point is 
20 cm from the zero end. When a resistance 15 Q is connected in series with the smaller of 
two resistance, the null point shifts to 40 cm. The smaller of the two resistance has the 
value 

(a)8Q (b) 9 O 

(c) 10 Q (d) 12 Q 


In a meter bridge experiment, null point is obtained at 20 cm from one end of the wire when 
resistance X is balanced against another resistance Y. If X « Y, then the new position of 
the null point from the same end, if one decides to balance a resistance of 4X against Y will 
be at 

(a) 50 cm (b) 80 cm 

(c) 40 cm (d) 70 cm 


In a metre bridge, the gaps are closed by two resistances P and Q and the balance point 1s 
obtained at 40 cm. When Q 1s shunted by a resistance of 10 O, the balance point shifts to 50 cm. 
The values of P and Q are 

Q 


A 


[E F | | S E |||] | 
H— 40 cm 4 |, 


(a) 7 9,50 (b) 20 0,30 Q 
(c) 10 0,15 Q 50,70 


Subjective Questions 


T: 
2. 


What 1s the material of the wire of meter bridge ? 


For determination of resistance of a coil, which of two methods is better Ohm's law method 
or meter bridge method ? 


. Which method is more accurate in the determination of f for a concave mirror. 


: wee ll 1 
(i) u versus vor (ii) — versus — graphs ? 
u U 


4. Why is the second resonance found feebler than the first ? 


. Why is the meter bridge suitable for resistance of moderate values only ? 


. Can we measure a resistance of the order of 0.160 Q using a Wheatstone's bridge ? Support 


your answer with reasoning. 


. 19 divisions on the main scale of a vernier callipers coincide with 20 divisions on the vernier 


scale. If each division on the main scale is of 1 cm, determine the least count of instrument. 


. In a vernier callipers, 1 cm of the main scale is divided into 20 equal parts. 19 divisions of the 


main scale coincide with 20 divisions on the vernier scale. Find the least count of the 
instrument. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 
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The diagram below shows part of the main scale and vernier scale of a vernier callipers, which 
is used to measure the diameter of a metal ball. Find the least count and the radius of the ball. 


Readin 
1 9 Main scale 


4 cm 5 cm | 6 cm 


e;— Vernier scale 


The given diagram represents a screw gauge. The circular scale is divided into 50 divisions and 
the linear scale is divided into millimeters. If the screw advances by 1 mm when the circular 
scale makes 2 complete revolutions, find the least count of the instrument and the reading of 
the instrument in the figure. 


012 3E 29 


The pitch of a screw gauge is 0.5 mm and there are 50 divisions on the circular scale. In 
measuring the thickness of a metal plate, there are five divisions on the pitch scale (or main 
scale) and thirty fourth divisions coincide with the reference line. Calculate the thickness of the 
metal plate. 


The pitch of a screw gauge is 1 mm and there are 50 divisions on its cap. When nothing is put in 
between the studs, 44th division of the circular scale coincides with the reference line and the 
zero of the main scale is not visible or zero of circular scale is lying above the reference line. 
When a glass plate is placed between the studs, the main scale reads three divisions and the 
circular scale reads 26 divisions. Calculate the thickness of the plate. 


The pitch of a screw gauge is 1 mm and there are 100 divisions on its circular scale. When 
nothing is put in between its jaws, the zero of the circular scale lies 6 divisions below the 
reference line. When a wire is placed between the jaws, 2 linear scale divisions are clearly 
visible while 62 divisions on circular scale coincide with the reference line. Determine the 
diameter of the wire. 


Least count of a vernier callipers is 0.01 cm. When the two jaws of the instrument touch each 
other the 5th division of the vernier scale coincide with a main scale division and the zero of the 
vernier scale lies to the left of the zero of the main scale. Furthermore while measuring the 
diameter of a sphere, the zero mark of the vernier scale lies between 2.4 cm and 2.5 cm and the 
6th vernier division coincides with a main scale division. Calculate the diameter of the sphere. 


The edge of a cube is measured using a vernier callipers. [9 divisions of the main scale is equal 
to 10 divisions of vernier scale and 1 main scale division is 1 mm]. The main scale division 
reading is 10 and 1st division of vernier scale was found to be coinciding with the main scale. 
The mass of the cube is 2.736 g. Calculate the density in g/ cm? upto correct significant figures. 


Introductory Exercise 3.1 
1. 3.19cm 2.1 


Introductory Exercise 3.2 
1. 10.65 mm 2.3.5 mm 


Introductory Exercise 3.3 
4. (i) Parabolic (ii) Straight line 


Introductory Exercise 3.4 
1. (194 + 0.22) x 10 N/m? 


Introductory Exercise 3.5 
1. (b) 2. (b) 


Introductory Exercise 3.6 
1. 1.00x 10^ Q-m 2.241 9$, 


Introductory Exercise 3.7 
1. (a) 2. (b) 


Introductory Exercise 3.8 
1. 1420 to1430  3.(c) 


Objective Questions 


1.(b) 2.0)  3.(d) 4.(b) 
11.d) 12.(a)  18.b)  14.(b) 
21.(d) 22.(a) 23.8)  24.(0 
31.(b) 32.(a)  33.(a) 


Subjective Questions 
1. Constantan 
5. See the hints 


9. 0.01 cm, 2.18 cm 
13. 2.56 mm 


6. No 


14. 2.51 cm 


1.1 96 


2. Meter bridge method 


10. 0.01 mm, 3.32 mm 


Answers 


7. (c) 8. (a) 

2. (d) 

3. (c) 

3. B is most accurate 

Exercises 
5.(c) 6.(b) 7.(c) 8.(c) 9.(a,b,c) 10.(a) 

15.(b) 16.(b) 17.(c) 18.(c) 19.(a) 20.(d) 
25.(c) 26.(b) 27.(a) 28.(d) 29.(d) 30.(c) 


3: 1 versus 1 4. See the hints 


v u 
7.0.05 cm 8. 0.0025 cm 
11. 2.84 mm 12. 3.64 mm 


15. 2.66 g/cm? 


Units and 
Dimensions 


Chapter Contents 


4.1 Units 

4.2 Fundamental and Derived Units 
4.3 Dimensions 

4.4 Uses of Dimensions 


4.1 Units 


To measure a physical quantity we need some standard unit of that quantity. The measurement of the 
quantity is mentioned in two parts, the first part gives how many times of the standard unit and the 
second part gives the name of the unit. Thus, suppose I say that length of this wire is 5 metre. The 
numeric part 5 says that it is 5 times of the unit of length and the second part metre says that unit 
chosen here is metre. 


4.2 Fundamental and Derived Units 


There are a large number of physical quantities and every quantity needs a unit. 

However, not all the quantities are independent. For example, if a unit of length is defined, a unit of 
volume is automatically obtained. Thus, we can define a set of fundamental quantities and all other 
quantities may be expressed in terms of the fundamental quantities. Fundamental quantities are only 
seven in numbers. Unit of all other quantities can be expressed in terms of the units of these seven 
quantities by multiplication or division. 

Many different choices can be made for the fundamental quantities. For example, if we take length 
and time as the fundamental quantities then speed is a derived quantity and if we take speed and time 
as fundamental quantities then length is a derived quantity. 

Several system of units are in use over the world. The units defined for the fundamental quantities are 
called fundamental units and those obtained for derived quantities are called the derived units. 


SI Units 


In 1971, General Conference on Weight and Measures held its meeting and decided a system of units 
which is known as the International System of Units. It is abbreviated as SI from the French name Le 
System International d’ Unites. This system is widely used throughout the world. Table below gives 
the seven fundamental quantities and their SI units. 


Table 4.1 Fundamental quantities and their SI units. 


S.No. Quantity SI Unit Symbol 

f; Length metre m 

2. Mass kilogram kg 

3. Time second S 

4. Electric current ampere 

5. Thermodynamic temperature kelvin K 

6. Amount of substance mole mol 
7. Luminous intensity candela cd 


Two supplementary units namely plane angle and solid angle are also defined. Their units are radian 

(rad) and steradian (st) respectively. 

(i) CGS System In this system, the units of length, mass and time are centimetre (cm), gram (g) and 
second (s) respectively. The unit of force is dyne and that of work or energy is erg. 

(ii) FPS System In this system, the units of length, mass and time are foot, pound and second. The 
unit of force in this system is poundal. 
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Definitions of Some Important SI Units 
(i) Metre: 1m =1,650,763.73 wavelengths in vacuum, of radiation corresponding to orange-red 
light of krypton-86. 
(ii) Second: 1s =9,192,631,770 time periods of a particular 
radiation from Cesium-133 atom. SI Prefixes 
(iii) Kilogram: 1 kg= mass of 1 litre volume of water at4°C. The most commonly used prefixes 
(iv) Ampere : It is the current which when flows through two are given below in tabular form. 


infinitely long straight conductors of negligible Power of 10 Prefix Symbol 
cross-section placed at a distance of one metre in vacuum 


produces a force of 2 x 1077 N/m between them. £ mega M 
(v) Kelvin: 1K=1/273.16 part of the thermodynamic E n : 
temperature of triple point of water. " 
(vi) Mole : It is the amount of substance of a system which a 1s i 
contains as many elementary particles (atoms, =p micro H 
molecules, ions etc.) as there are atoms in 12 g of -9 nano n 


carbon-12. 


(vii) Candela : It is luminous ii in a perpendicular 
1 


600000 
under a pressure of 1.013 x 10° N/m?. 


direction of a surface of m? of a black body at the temperature of freezing platinum 


(viii) Radian : It is the plane angle between two radii of a circle which cut-off on the circumference, an 
arc equal in length to the radius. 
(ix) Steradian : The steradian is the solid angle which having its vertex at the centre of the sphere, 
cut-off an area of the surface of sphere equal to that of a square with sides of length equal to the 
radius of the sphere. 


4.3 Dimensions 


Dimensions of a physical quantity are the powers to which the fundamental quantities must be raised 
to represent the given physical quantity. 
mass mass 


volume (length)? 


For example, density — or density — (mass) (length) Ss ... (1) 
Thus, the dimensions of density are 1 in mass and —3 in length. The dimensions of all other 
fundamental quantities are zero.For convenience, the fundamental quantities are represented by one 
letter symbols. Generally mass is denoted by M, length by L, time by 7 and electric current by A. 
The thermodynamic temperature, the amount of substance and the luminous intensity are denoted by 
the symbols of their units K, mol and cd respectively. The physical quantity that is expressed in terms 
of the base quantities is enclosed in square brackets. 

Thus, Eq. (1) can be written as 


[density] - [ML ? ] 
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Such an expression for a physical quantity in terms of the fundamental quantities is called the 
dimensional formula. Here, it is worthnoting that constants such as 5, 7 or trigonometrical functions 
such as sin 0, cos 9, etc., have no units and dimensions. 


[sin 0] =[cos 0] = [tan 0] - [log x]=[e* ] - |[M?L?T?] 


Table 4.2 Dimensional formulae and SI units of some physical quantities frequently used in physics 


S.No. Physical Quantity SI Units Dimensional Formula 

T: Velocity = displacement/time m/s IM°LT] 

2: Acceleration = velocity/time m/s? [M°LT*] 

3. Force = mass x acceleration kg-m/s? = newton or N [MLT?] 

4. Work = force x displacement kg-m?/s? = N-m = joule or J [ML?T ^] 

5. Energy J IML?T2] 

6. Torque = force x perpendicular distance = N-m [ML?T?] 

Ts Power = work/time J/s or watt [ML?T 3] 

8. Momentum = mass x velocity kg-m/s MLT] 

9. Impulse = force x time N-s [MLT] 

10. Angle = arc/radius radian or rad [M9L?T?] 
11. — Strain = AL or AV no units [M9L9T9] 

L V 

12. | Stress = force/area N/m? [ML^T^2] 
18. | Pressure = force/area N/m? ML 'T™?] 
14. Modulus of elasticity = stress/strain N/m? ML 'T™?] 
15. Frequency = 1/time period per sec or hertz (Hz) [M?L9T7* 
16. Angular velocity = angle/time rad/s [M° LPT] 
17. Moment of inertia = (mass) x (distance)?  kg-m° [ML?T9] 

18. . Surface tension = force/length N/m [ML?T?] 
19. . Gravitational constant N-m?/kg? MLT] 

_ force x (distance)? 
(mass)? 

20. Angular momentum kg-m?/s IML?T7] 
21. Coefficient of viscosity N-s/m? [ML7'T7] 
22.  Planck's constant J-s [ML?T7] 
23. Specific heat (s) J/kg-K LT? 
24. Coefficient of thermal conductivity (K) watt/m-K [MLT 36] 
25. . Gas constant (R) J/mol-K [ML?T? 67! mor] 
26. Boltzmann constant (k) J/K IML2T 261] 


S.No. 
27. 
28. 


29. 
30. 


31. 
32. 
33. 


34. 
35. 


36. 
37. 


Physical Quantity 
Wein's constant (b) 


Stefan's constant (c) 


Electric charge 


Electric intensity 

Electric potential 
Capacitance 

Permittivity of free space 


Electric dipole moment 


Resistance 
Magnetic field 


Coefficient of self induction 
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SI Units 
m-K 
watt/m?-K* 
C 

N/C 

volt 

farad 

CPN m= 
C-m 

ohm 

tesla (T) or weber/m? (Wb/m?) 


henry 


Dimensional Formula 
Le] 

[MMT 0] 
AT] 

[MLT A] 
[ML?T-? AY 
IM"'L?T4 A?] 
MIL T4 A?] 
LTA] 

IML?T 3A] 
[MTA] 
IML^T?A'?] 


Example 4.1 Find the dimensional formula of the following quantities : 


(a) Density (b) Velocity (c) Acceleration 
(d) Momentum (e) Force (f) Work or energy 
(g) Power (h) Pressure 
Solution (a) Density — e 
volume 
[Dandy] LARES... DM a] 
[volume] [L>] 
(b) Velocity [v]= aon 
time 
[vies [displacement] [L] _ [M"LT-] 


(c) Acceleration [a] = B 
dt 


. dv > kind of velocity _ [ET] 
dt — kind of time [T] 
(d) Momentum [P] = [mv] 
[P] - [M][v] -IM][LT! ] =[MLT"'] 
(e) Force [F] = [ma] 
[F] -[m][a] 2[M][LT7 ]- [MLT] 


[a] 


e ET 


(f) Work or Energy = force x displacement 
[Work] = [force] [displacement ] 
-[MLT][L] 2[MD?T?] 


Mechanics - I 


(g) Power = Work 
Time 
[Power] = Work] MT] MeT] 
[Tim] [T] 
(h) Pressure = korce 
ea 
[Pressure] = [Force] _ [ML 17] 
[Area] 12 
-[ML'T?] 


© Example 4.2 Find the dimensional formula of the following quantities : 
(a) Surface tension, T 
(b) Universal constant of gravitation, G 
(c) Impulse, J 
(d) Torque t 
The equations involving these equations are : 


T = Fil, F = ae ,J =Fxtandt=Fx1 
r 
Solution (a) T = E 
-2 
= [T] = [F] = [MLT ] = [MT] me 
[1] [L] 
Or = 6 
r m My 
2 -2 2 
or [G]= it E [MLT = ] 
[m] [M°] 
= MET] meN 
(c) J=F xt 
7 [J]=[F][t] 
-[MLT ?][T] 
-[MLT !] Ans. 
(d)t=F x] 
" [7] - [F] L1] 
-[MLT" j[L] 


-IMET*] Ans. 
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4.4 Uses of Dimensions 


Theory of dimensions have following main uses: 
1. Conversion of units This is based on the fact that the product of the numerical value (7) and its 
corresponding unit (u) is a constant, i.e. 
n [u] = constant 
Dr n [u ]= n; [u] 
Suppose the dimensions of a physical quantity are a in mass, b in length and c in time. If the 


fundamental units in one system are M,, L} and T, and in the other system are M», L, and T, 
respectively. Then, we can write 


n [MT Li Ty ]=m [M5 L5 T7] E 
Here, n, and n; are the numerical values in two systems ofunits respectively. Using Eq. (1), we can 
convert the numerical value of a physical quantity from one system of units into the other system. 


© Example 4.3 The value of gravitation constant is G = 6.67 x 10 1 N-m? /hg? 
in SI units. Convert it into CGS system of units. 
Solution The dimensional formula of G is [M^ pr |; 
Using Eq. (1), i.e. 
m [Mi L7] n;[M; LT] 


MI TL TI]? 
n, =n | — — — 
M, L, T, 
Here, n, = 6.67 x 10" 


M, =1kg, M, 21g =10° kg, L =1m,L, 2 1cm-10? m, T, =T, =1s 
1 £M, g 1 2 1 2 


Substituting in the above equation, we get 


-1 3 - 
n, 2667x107! | 158 2 lH 
10? kg 10° m| [ls 


or n, = 6.67x 10” 


Thus, value of Gin CGS system of units is 6.67 x 10° dyne em7/g”. 


2. To check the dimensional correctness of a given physical equation Every physical equation should be 
dimensionally balanced. This is called the ‘Principle of Homogeneity’. The dimensions of each 
term on both sides of an equation must be the same. On this basis, we can judge whether a given 
equation is correct or not. But a dimensionally correct equation may or may not be physically 
correct. 


© Example 4.4 Show that the expression of the time period T of a simple 


pendulum of length | given by T = 2n n is dimensionally correct. 
£ 
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Solution T=20 i 
g 
Dimensionally [T] = E =[T] 
[LT 7] 


As in the above equation, the dimensions of both sides are same. The given formula is 
dimensionally correct. 


Principle of Homogeneity of Dimensions 
This principle states that the dimensions of all the terms in a physical expression should be same. For 


; : : 1 . : l 
example, in the physical expression s = ut + 2 at’, the dimensions of s, ut and 3 at? all are same. 
Note The physical quantities separated by the symbols +, —, =, >, < etc., have the same dimensions. 


© Example 4.5 The velocity v of a particle depends upon the time t according to 
: Write the dimensions of a, b, c and d. 


. c 
the equation v=a + bt + 
d+t 


Solution From principle of homogeneity, 
[a]=[v] or [a]-[LT '] 


[v] [LT] 
[ht] - [v] or [b] i" T 
or [^] -[LT ?] 
Similarly, [d] [t] 2 LT] 
Further, "In =[v] or [e] [v][d +t] 
or [c] -[LT ][T]. or [c]=[L] 


3. To establish the relation among various physical quantities If we know the factors on which a given 
physical quantity may depend, we can find a formula relating the quantity with those factors. Let 
us take an example. 


© Example 4.6 The frequency (f) of a stretched string depends upon the tension 
F (dimensions of force), length lof the string and the mass per unit length u of 
string. Derive the formula for frequency. 


Solution Suppose, that the frequency f depends on the tension raised to the power a, length 
raised to the power b and mass per unit length raised to the power c. Then, 


fF«LFI* U^ lu] 
or fF-kI[FY Uf [u] ...(i) 
Here, k is a dimensionless constant. Thus, 


[£I EFT ta? ee 
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or [MOLT]! 12 [MLT * [L]^ [ML]. 
Or [M*r?T- 12 [M* * '] 2 * »- *T-?«] 
For dimensional balance, the dimensions on both sides should be same. 
Thus, a+c=0 ...(ii) 

atb-cz0 ... (i1) 
and —2a--1 ... (iv) 
Solving these three equations, we get 

nt. ges and b=-1 
2 2 


Substituting these values in Eq. (1), we get 
fanr dy uy 
" mi 
Vu 


Experimentally, the value of k is found to be > 


Hence, 


Limitations of Dimensional Analysis 
The method of dimensions has the following limitations : 
(1) By this method, the value of dimensionless constant cannot be calculated. 


(ii) By this method, the equation containing trigonometrical, exponential and logarithmic terms 
cannot be analysed. 


(iii) This method is useful when a physical quantity depends on other quantities by multiplication 
and power relations. It cannot be used if a physical quantity depends on sum or difference of two 


x : 1 : : , 
quantities. For example we, cannot get the relation, s= ut + 2 at? from dimensional analysis. 
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Final Touch Points 


1. There are some physical quantities which have the same dimensions. They are given in tabular form 


as below : 
S.No. Physical quantities or combination of physical quantities 
1. Angle, strain, sin 0, x, e* 


2. Work, Energy, Torque, Rhc 
3. Time, =, CR, VEC 


ses velocity gradient, Decay constant. Activity of a radioactive 


Frequency, o, Hm all 
'" L' CR VLC 
substance 


5. Pressure, stress, modulus of elasticity, energy density (energy per unit volume), 
2 


eE?, = 
Ho 
6.  Angular impulse, angular momentum, Planck's constant 
T. Linear momentum, linear impulse 
8.  Wavelength, radius of gyration, Light year 
5 Velocity, 1 À GM l E 
NEST R B 
2. Astronomical unit 1 AU = mean distance of earth from sun «1.5 x10! m 
Light year 1 ly = distance travelled by light in vacuum in 1 year 
=9.46 x 10^ m 
Parsec 1 Parsec = 3.07 x10? m = 3.26 light year 
X-ray unit 1U210?m 


1shake 210? s 
1Bar 210? N/m? =10°Pa 
1torr 21mm of Hg 2133.3 Pa 
1barn 21075 m? 
1 horse power 2746 W 
1 pound = 453.6 g = 0.4536 kg 


Dimensions 
[M° Le T9] 
[ML? T?] 
[M°L° T] 


m° Le T. ] 


METI 


[ML?T] 
[MLT] 
[M?LT9] 
[MLT] 


Solved Examples 


© Example 1 Find the dimensional formulae of 
(a) coefficient of viscosity n (b) charge q 
(c) potential V (d) capacitance C and 
(e) resistance R 
Some of the equations containing these quantities are 


F=-na(2), q= 1 U = Vlt q=CV and V = IR 


where, A denotes the area, v the velocity, lis the length, I the electric current, t the time 
and U the energy. 


l FN pa [FIA EMEP?) aga 
Solution (a) ņ=-Ż £ > i. a c ee 
(D q=It = ~. [q]= H [t] = [AT] 

() U - Vit 
U U] [MUT] 25-3 A -1 
war A 2 -[MI2T?A 
no” "iw ma um |! 
(d) q » CV 
_~@ _ {al _ [AT] _ PNI-HHT 204 A 2 
C= or [C] IV] Mera] [M L-T'A*] 
(d V=IR 
R-V qe qgp- V1 LIMDT A1 corsa m 
I n [A] 


2 
© Example 2 Write the dimensions of a and b in the relation, P = imi 


, where P 


is power, x is distance and t is time. 
Solution The given equation can be written as, Pat = b — x? 
Now, [Pat] = [b] = [x°] or [b] = [x°] =[M°L?T°] 
del ..— E] 

[Pt] [MET] [T] 


and [a] =(M?DT?] 


© Example 3 The centripetal force F acting on a particle moving uniformly in a 
circle may depend upon mass (m), velocity (v) and radius (r) of the circle. Derive 
the formula for F using the method of dimensions. 

Solution Let F =k (my (o (Y 0 
Here, kis a dimensionless constant of proportionality. Writing the dimensions of RHS and LHS 
in Eq. (i), we have 

[MLT?]-[M]" [LT '  [L]? = [M*L?**T?] 
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Equating the powers of M, L and T of both sides, we have, 
x=1, y=2 and y+z=1 or z=1-y=-1 
Putting the values in Eq. (i), we get 


mv? 


F = kmr = k —— 


or F = — (where, k = 1) 


© Example 4 If velocity, time and force were chosen as basic quantities, find the 
dimensions of mass and energy. 
Solution (i) We know that, 
Force = mass x acceleration 
velocity 
- mass x ———> 
time 
force x time 
— mass = —— — —— 
velocity 
ü 
or ee [force] x I ime] 
[velocity] 
[FI fT] 
[v] 
& [mass] = [F T vt] Ans. 
(ii) Dimensions of energy are same as the dimensions of kinetic energy 


[Energy] = E mv? = [m] [v]? 


= [FTv] Ans. 


6 Example 5 Force acting on a particle is 5 N. If units of length and time are 
doubled and unit of mass is halved then find the numerical value of force in the 
new system of units. 

5 kg-m 


2 
S 


Solution Force =5 N= 


If units of length and time are doubled and unit of mass is halved, then value of force in new 


system of units will be 
Lx9 
5 l 2 | = 2 Ans. 


@y | 4 


6 Example 6 Can pressure ( p) density (p) and velocity (v) be taken as fundamental 
quantities? 


Solution No, they cannot be taken as fundamental quantities, as they are related to each 
other by the relation, 


p-pv 


Exercises 


Assertion and Reason 


1: 


Directions Choose the correct option. 

(a) Ifboth Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) Ifboth Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 

(e) If both Assertion and Reason are wrong. 


Assertion Velocity, volume and acceleration can be taken as fundamental quantities because 


Reason All the three are independent from each other. 


2. Assertion If two physical quantities have same dimensions, then they can be certainly added 


or subtracted because 


Reason If the dimensions of both the quantities are same then both the physical quantities 
should be similar. 


Objective Questions 
Single Correct Option 


1. 


The dimensional formula for Planck's constant and angular momentum are 


(a) [MIT ?]and [MLT !] (b) [MI?T ! Jand [MUT] 
(c) [ME T! Jand [MÉT] (d) [MLT] and [MLT 7] 
. Dimension of velocity gradient is 
(a) [M° DPT] (b) [MLT] (c) [M?LT] (d) [MPT] 
. Which of the following is the dimension of the coefficient of friction? 
(a) [M’UT] (b) [M°D T°} (c) [(MLT*] (d) [UT ?] 
. Which of the following sets have different dimensions? (JEE 2005) 


(a) Pressure, Young's modulus, Stress 

(b) Emf, Potential difference, Electric potential 
(c) Heat, Work done, Energy 

(d) Dipole moment, Electric flux, Electric field 


. The viscous force F on a sphere of radius a moving in a medium with velocity v is given by 


F = 6n na v. The dimensions of n are 


(a) [ME? ] (b) [MLT?] (c) [MT] (d) [ML T] 
. A force is given by " 
F - at ^ bt 
where, t is the time. The dimensions of a and b are 
(a) [MLT“ ]and [MLT] (b) [MLT Jand [MLT^] 


(c) [MLT? Jand [MLT *] (d) [MLT? ]Jand [MLT^] 


92 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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. The physical quantity having the dimensions [M !L ?T? A?] is 
(a) resistance (b) resistivity 
(c) electrical conductivity (d) electromotive force 


. The dimensional formula for magnetic flux is 
(a) [MI? TPA Y (b) [MPT?2A7] (c) [M°L°T 7A 7] (d) [ML7T !A?] 
. Choose the wrong statement. 
(a) All quantities may be represented dimensionally in terms of the base quantities 
(b) A base quantity cannot be represented dimensionally in terms of the rest of the base 
quantities 
(c) The dimension of a base quantity in other base quantities is always zero 
(d) The dimension of a derived quantity is never zero in any base quantity 


If unit of length and time 1s doubled, the numerical value of g (acceleration due to gravity) will be 
(a) doubled (b) halved (c) four times (d) same 
Using mass (M), length (Z), time (T) and current (A) as fundamental quantities, the dimension 
of permeability is 
(a) [M LTA] (b) [MC’°T A] (c) [MLTĦA 7] (d) [MLT IA] 
The equation of a wave is given by 

: x 

y=asino (2-8) 
U 

where, œ is angular velocity and v is the linear velocity. The dimensions of k will be 
(a) [T^] (b) [T] (c) [T] (d) [LT] 


If the energy (E), velocity (v) and force (F) be taken as fundamental quantities, then the 
dimensions of mass will be 

(a) [Fv 7] (b) [Fv !] (c) [Ev ?] (d) [Ev?] 

If force F, length L and time T are taken as fundamental units, the dimensional formula for 
mass will be 

(a) [FL T^] (b) [FLT] (c) [FE T] (d) [FET] 

The ratio of the dimensions of Planck’s constant and that of the moment of inertia is the 
dimension of 

(a) frequency (b) velocity (c) angular momentum (d) time 


Given that y= A sin le (ct — »)| where y and x are measured in metres. Which of the 


following statements is true ? 
(a) The unit of à is same as that of xand A (b) The unit of à is same as that of x but not of A 


(c) The unit of cis same as that of = (d) The unit of (ct — x) is same as that of = 


Which of the following sets cannot enter into the list of fundamental quantities in any system of 
units? 

(a) length, mass and density (b) length, time and velocity 

(c) mass, time and velocity (d) length, time and mass 


In the formula X = 3Y Z?, X and Z have dimensions of capacitance and magnetic induction 
respectively. What are the dimensions of Y in MKSQ system? (JEE 1995) 
(a) [M?L TQ] (b) [MLT G] (c) [M ĦL’T G] (d) [M?L?T'q] 
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19. A quantity X is given bye, L af where €, is the permittivity of free space, Lis a length, AV isa 


potential difference and Atis a time interval. The dimensional formula for X is the same as that 


of (JEE 2001) 
(a) resistance (b) charge 
(c) voltage (d) current 


aZ 


20. In the relation p= 5 e 56. pis pressure, Z is distance, k is Boltzmann constant and 0 is the 


temperature. The dimensional formula of p will be (JEE 2004) 
(a) [M^E'T?] (b) [MLT] 
(c) [MLT] (à) [M LT] 


More than One Correct Options 


1. The dimensions of the quantities in one (or more) of the following pairs are the same. 


Identify the pair (s). (JEE 1986) 
(a) Torque and work (b) Angular momentum and work 
(c) Energy and Young’s modulus (d) Light year and wavelength 

2. The pairs of physical quantities that have the same dimensions is (are ) (JEE 1995) 


(a) Reynolds number and coefficient of friction 
(b) Curie and frequency of a light wave 

(c) Latent heat and gravitational potential 

(d) Planck’s constant and torque 


3. The SI unit of the inductance, the henry can by written as (JEE 1998) 
(a) weber/ampere (b) volt-second/ampere 
(c) joule/(ampere)? (d) ohm-second 


4. Let [£9] denote the dimensional formula of the permittivity of the vacuum and [uo] that of the 
permeability of the vacuum. If M = mass, L = length, T = time and J = electric current. 


(JEE 1998) 
(a) [eo] = IM "EL? T^ T] (b) [eo] = IM7L? T^ P] 
(c) [uo] = IMLT?T?] (d) [uo] = IM? T> I] 
5. L, C and R represent the physical quantities inductance, capacitance and resistance 
respectively. The combinations which have the dimensions of frequency are (JEE 1984) 
1 R 
ELM b) — 
(a) RC (b) L 
1 C 
Bcc d) = 
Ge oe 
Match the Columns 
1. Match the two columns. (JEE 2003) 
Column I Column II 


(a) Boltzmann constant | (p [MI?7T] 
(b) Coefficient of viscosity (q) [ML T !] 
(c) Planck constant © [MLT?K"!] 
(d) Thermal conductivity | (s) [ML TPK] 
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2. Match the physical quantities given in Column I with dimensions expressed in terms of mass 


(M), length (L), time (T), and charge (Q) given in Column II. 


Column I 
(a) Angular momentum 
(b) Latent heat 
(c) Torque 
(d) Capacitance 
(e) Inductance 
(f) Resistivity 


(JEE 1993) 
Column II 
(p) MET” 
(9 MLY 
0) [MUT] 
(s MET IQ” 
(t) MIL TRY 
(u) PTY 


3. Column I gives three physical quantities. Select the appropriate units for the choices given in 


Column II. Some of the physical quantities may have more than one choice. 


Column I 
(a) Capacitance (p) 
(b) Inductance (q) 
(v) 
(c) Magnetic induction | (s) 
(t) 


(JEE 1990) 


Column II 
ohm-second 
coulomb?-joule-! 
coulomb (volt)-!, 


newton (ampere metre)-!, 


volt-second (ampere)-1 


4. Some physical quantities are given in Column I and some possible SI units in which these 
quantities may be expressed are given in Column II. Match the physical quantities in Column I 


with the units in Column II. 
Column I 


(a) GMM, 


G — universal gravitational constant, 


M, — mass of the earth, 
M, — mass of the sun. 
3RT 
M 
R— universal gas constant, 
T — absolute temperature, 
M — molar mass. 
F? 
q?P? 
F — force, 
q — charge, 
B — magnetic field. 
GM, 


(b) 


(c) 


(d) 


G — universal gravitational 


e 
constant, 
M, — mass of the earth, 
R, — radius of the earth. 


(JEE 2007) 
Column II 


(p) (volt) (coulomb) (metre) 


(q) (kilogram) (metre)? (second) ? 


(r) (metre)? (second) ? 


(s) (farad) (volt)? (kg)! 
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Subjective Questions 


1: 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


. Show dimensionally that the expression, Y = 


In the expression y = a sin (œt + 0), yis the displacement and tis the time. Write the dimensions 
of a, «o and 0. 


. Young's modulus of steel is 2.0 x 10!! N/m”. Express it in dyne/cm?. 


. Surface tension of water in the CGS system is 72 dyne/cm. What is its value in SI units? 


. The relation between the energy E and the frequency v of a photon is expressed by the equation 


E = hv, where h is Planck's constant. Write down the SI units of h and its dimensions. 


. Check the correctness of the relation s, =u +5 (at- 1) where u is initial velocity, a is 


acceleration and s, is the displacement of the body in t second. 


. Give the MKS units for each of the following quantities: (JEE 1980) 


(a) Young’s modulus (b) Magnetic induction (c) Power of a lens 


. A gas bubble, from an explosion under water, oscillates with a period T proportional to 


p° d? E°, where pis the static pressure, d is the density of water and E is the total energy of 
the explosion. Find the values of a, b and c. 


s 1s dimensionally correct, where Y is Young's 
nr 
modulus of the material of wire, Lis length of wire, Mg is the weight applied on the wire and Lis 


the increase in the length of the wire. 


. The energy E of an oscillating body in simple harmonic motion depends on its mass m, 


frequency n and amplitude a. Using the method of dimensional analysis find the relation 
between E, m, n and a. (JEE 1981) 


B 


"x = Fv + —. Find dimension formula for [x] and [P] (here t= time, F = force, v = velocity, 
x? 


x = distance) 
For n moles of gas, Van der Waals' equation is (p - 5) (V-b)-nRT 


Find the dimensions of a and b, where p= pressure of gas, V = volume of gas and 
T = temperature of gas. 
a 
In the formula, p= ae eRTV | find the dimensions of a and b, where p = pressure, n = number 


of moles, T' = temperature, V = volume and R = universal gas constant. 


Write the dimensions of the following in terms of mass, time, length and charge (JEE 1982) 
(a) Magnetic flux be Rigidity modulus. 
Let x and a stand for distance. Is | Tr ~ dimensionally correct? 


In the equation | Lo " Find the value of n. 


dx _ = qa" sin -1 | 
42ax - x? a 
Taking force F, length L and time T to be the fundamental quantities, find the dimensions of 
(a) density (b) pressure (c) momentum and (d) energy. 


Answers 


Assertion and Reason 
1. (e) 2. (e) 


Single Correct Option 
1.(b 2.(a)  8.(b) 4. (d) 5. (dd 6 (c)  7.(co)  8.(aà 9 (d) 10. (b) 
11. (c) 12.(c) 13.(c) 14. (a) 15. (à 16. (a) 17. (b) 18. (b) 19. (d) 20. (a) 
More than One Correct Options 
1. (a,d) 2. (a,b,c) 3. (all) 4. (b,c) 5. (a,b, c) 


Match the Columns 
1. (a) s, (b) > q, (c)> p, (dd> r 
2. (a)> r, (b) > u, (Cc) > p, (d) >t, (eq (os 
3. (a)5 q,r, (D) 5 pt (c) > s 
4. (5 p,q,(bors,(co)orns,(d)ors 


Subjective Questions 


1. [M°LT°], [MOL? T], [MPL? T9] 2. 2.0 x 10? dyne/cm? 

3. 0.072 N/m 4. J-s, [ML? T7] 

5. Given equation seems to be dimensionally incorrect but it [4 inr: i 

6. (a)N/m? (b) Tesla (c) m hae Bes ben 

9. E = kmn?a? (k= a dimensionless constant) 10. [B] - [MLT], [a] 2 [MTY 
11. [a] - [ML T?], [b] - [L] 
12. [a] - [ML T?], [b] = [L]? 13. (a) [ML?T-Q7] (b) [ML?T?] 
14. No 15. zero 


16. (a)[FL^T^] (b) [FL ^] CO [FT] (d) [FL] 


Vectors 
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5.1 Vector and Scalar Quantities 


Any physical quantity is either a scalar or a vector. A scalar quantity can be described completely by 
its magnitude only. Addition, subtraction, division or multiplication of scalar quantities can be done 
according to the ordinary rules of algebra. Mass, volume, density, etc., are few examples of scalar 
quantities. If a physical quantity in addition to magnitude has a specified direction as well as obeys 
the law of parallelogram of addition, then and then only it is said to be a vector quantity. 
Displacement, velocity, acceleration, etc., are few examples of vectors. 


Any vector quantity should have a specified direction but it is not a 
sufficient condition for a quantity to be a vector. For example, current 
flowing in a wire is shown by a direction but it is not a vector because it 
does not obey the law of parallelogram of vector addition. For example, 
in the figure shown here. 


Fig. 5.1 


Current flowing in wire OC = current in wire AO + current in wire BO 
or i= i, +i, was the current a vector quantity, i z i, + i, 


It also depends on angle 9, the angle between i, and i. 


1. Scalar quantities Mass, volume, distance, speed, density, work, power, energy, length, 
gravitation constant (G), specific heat, specific gravity, charge, current, potential, time, electric or 
magnetic flux, pressure, surface tension, temperature. 


2. Vector quantities Displacement, velocity, acceleration, force, weight, acceleration due to 
gravity (g), gravitational field strength, electric field, magnetic field, dipole moment, torque, 
linear momentum, angular momentum. 


5.2 General Points Regarding Vectors 


Vector Notation 
Usually a vector 1s represented by a bold capital letter with an arrow over it, as A, B, C, etc. 
The magnitude of a vector A is represented by A or | A| and is always positive. 


Graphical Representation of a Vector 


Graphically a vector is represented by an arrow drawn to a chosen scale, parallel Y 
to the direction of the vector. The length and the direction of the arrow thus 
represent the magnitude and the direction of the vector respectively. 


Thus, the arrow in Fig. 5.2 represents a vector A in xy-plane making an angle 0 
with x-axis. 


Fig. 5.2 


Steps Involved Representing a Vector 
(i) By choosing a proper scale, draw a line whose length is proportional to the magnitude of the 
vector. 
(ii) By following the standard convention to show direction, indicate the direction of the vector by 
marking an arrow head at one end of the line. 
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Example To represent the displacement of a body along x-axis. 


Ww E e o— —e— o o o o» e> Scale: 1cm = 5 km 
0 35 km A 


Fig. 5.3 Graphical representation of a vector 


The vector represented by the directed line segment OA in Fig. 5.3 is denoted by OA (to be read as 
vector OA) or a simple notation as A (to be read as vector A). For vector OA, O is the initial point and 
A 1s the terminal point. In the figure shown, OA or A is a displacement vector of magnitude 35 km 
towards east. 


Note A vector can be displaced from one position to another. During the displacement if we do not change 
direction and magnitude then the vector remains unchanged. 
Angle between Two Vectors (0) 


To find angle between two vectors both the vectors are drawn from one point in such a manner that 
arrows of both the vectors are outwards from that point. Now, the smaller angle is called the angle 
between two vectors. 


For example in Fig. 5.4, angle between A and B is 60? not 120?.Because in Fig.(a), they are wrongly 
drawn while in Fig. (b) they are drawn as we desire. 


B A B 
120° 


(a) (b) 
Fig. 5.4 


Note 0°<6@<180° 


Kinds of Vectors 


Unit Vector 
A vector of unit magnitude is called a unit vector and the notation for it in the direction of A is A read 
as ‘A cap or A caret’. 
^ ^ A A 
Thus, A=AA or A=—=— 
JA] 4 


A unit vector merely indicates a direction. Unit vector along x, yand z-directions are i, j and k. 


Zero Vector or Null Vector 


A vector having zero magnitude is called a null vector or zero vector. 
Note (i) Zero vector has no specific direction. 
(i) The position vector of origin is a zero vector. 
(ii) Zero vectors are only of mathematical importance. 
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Equal Vectors A 
— 
Vectors are said to be equal if both vectors have same magnitude and direction. B 
————- 
A-B 
Parallel Vectors Fig. 5.5 
Vectors are said to be parallel if they have the same directions. A 
The vectors A and B shown in Fig. 5.6 represent parallel vectors. B 
SSS > 
Note Two equal vectors are always parallel but, two parallel vectors may not be equal vectors. Fig. 5.6 


Anti-parallel Vectors (Unlike Vectors) 


Vectors are said to be anti-parallel if they act in opposite direction. A 
——* 
The vectors A and B shown in Fig. 5.7 are anti-parallel vectors. <== 


Negative Vector Fig. 5.7 


The negative vector of any vector is a vector having equal magnitude but acts in opposite direction. 


A 
——— 
TI— 
B 
A--Bor B--A 
Fig. 5.8 


Concurrent Vectors (Co-initial Vectors) 
Vectors having the same initial points are called concurrent vectors or co-initial vectors. 
A 


Fig. 5.9 
A, Band C are concurrent at point O. 


Coplanar Vectors 
The vectors lying in the same plane are called coplanar vectors. 


P d : 
O 
(a) (b) 


Fig. 5.10 


The vector A and Bare coplanar vectors. The vectors A and B shown in Fig. 5.10 (b) are concurrent 
coplanar vectors. 
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Orthogonal Vectors 


Two vectors are said to be orthogonal if the angle between them is 90°. 
A 


A > 


Fig. 5.11 
The vector shown in Fig. 5.11, A and Bare orthogonal to one another. 


Multiplication and Division of Vectors by Scalars 


The product of a vector A and a scalar m is a vector mA whose magnitude is m times the magnitude of 
A and which is in the direction or opposite to A according as the scalar m is positive or negative. Thus, 


|mA|=mA 
Further, if m and n are two scalars, then 
(mc n)A 2 mA * nA 
and m(nA) = n(mA) = (mn)A 


; 1 
The division of vector A by a non-zero scalar m is defined as the multiplication of A by — - 
m 


© Example 5.1 
B 
A A 
JE / 145° 
En A B B 
(a) (b) (c) 
Fig. 5.12 


In the shown Fig. 5.12 (a), (b) and (c), find the angle between A and B. 


Solution If we draw both the vectors from one point with their arrows outwards, then they can 
be shown as below 


B B 
B 
"m "T" 150 ad 35 " 
(a) (b) (c) 


Fig. 5.13 
In Fig. (a), 0 = 45? 
In Fig. (D), 02 150? and 
In Fig. (c), 0 2 35? 
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© Example 5.2 What is the angle between a and - a. 


Solution - a has a magnitude equal to : times the a 
3 
magnitude of a and its direction is opposite to a. Therefore, a E 
and — ; a are antiparallel to each other or angle between Fig. 5.14 
them is 180°. 
5.3 Addition and Subtraction of Two Vectors 
Addition 
(i) The parallelogram law Let R be the resultant of two vectors A and B. Be------ ,R 


(ii) 


According to parallelogram law of vector addition, the resultant R is the 
diagonal of the parallelogram of which A and B are the adjacent sides as 
shown in figure. Magnitude of R is given by 


A 
R 24 A? +B? +2AB cos 0 8 NO, 
Fig. 5.15 
Here, 0 = angle between A and B. The direction of R can be found by angle a or B of R with A or B. 
B sinO Asin 0 
Here, dps and tan B = ee asit) 
A+B cos B + Acos0 


Special cases 


If 020?, R=maximum = Á + B 
021805, R =minimum = Á ~ B 


and if 0-90, R= A+B? 


In all other cases magnitude and direction of R can be calculated by using Eqs. (1) and (ii). 
The triangle law According to this law, if the tail of one 


A 
vector be placed at the head of the other, their sum or 
resultant R is drawn from the tail end ofthe first to the B B B 
head end of the other. As is evident from the figure R 
that the resultant R is the same irrespective of the A 


order in which the vectors A and B are taken, Thus, Fig. 5.16 
R=A+B=B+A 


Subtraction 


Negative of a vector say —A is a vector of the same magnitude as vector A but pointing in a direction 
opposite to that of A. 


Fig. 5.17 
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Thus, A — B can be written as A+(—B) or A - Bis really the vector addition of A and —B. 
Suppose angle between two vectors A and Bis 0. Then, angle between A and —B will be 180 — 0 as 
shown in Fig. 5.18 (b). 

B 180-0 


>A -B 


(a) 
Fig. 5.18 


Magnitude of S = A — B will be thus given by 
S=|A-B/=|A+(-B)| 


=A? +B? +2AB cos (180-6) 


or $244 4 B? -2AB cos ...(1) 


For direction of S we will either find angle a or B, where, 


B sin (180-6) B sin " 
tan a = = ...(ii) 
A+B cos (180-8) A-—BcosO0 
" Gc Asin (180-0) |  AsinO NO 


B + Acos (180-8) B- Acos0 
Note A-B or B -A can also be found by making triangles as shown in Fig. 5.19 (a) and (b). 
A-B 
B or B B-A 


A A 
(a) (b) 
Fig. 5.19 


© Example 5.3 Find A + Band A — Bin the diagram shown in figure. Given 
A=4 units and B =3 units. 


8 = 60° 


Fig. 5.20 


Solution Addition R= 4 A? +B? + 24B cos 8 


= 16+ 9+2x 4 x 3cos 60° 


= 437 units 
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iunc B sin 0 B 
A 4 B cos 0 Ine 
2. 3snó ^ 047 / 
4+ 3cos 60? A 
0 
a = tan ! (0.472) = 25.3? Fig. 5.21 


Thus, resultant of A and B is V37 units at angle 25.3? from A in the direction shown in figure. 
Subtraction S =A? + B? - 24B cos0 


= [16+ 9— 2x 4 x 3cos 60° = J13 units 


B sin 0 
and tan © = —————— 0 
A — B cos 0 A 
D 3sin 60 -104 
4 — 3cos 60? / 
a = tan ! (1.04) = 46.1? AS PENES /S-A-B 
Thus, A — B is 413 units at 46.1? from A in the direction Fig. 5.22 


shown in figure. 


Polygon Law of Vector Addition for more than Two Vectors 


This law states that if a vector polygon be drawn, placing the tail end of each succeeding vector at the 
head or the arrow end of the preceding one their resultant R is drawn from the tail end of the first to the 
head or the arrow end of the last. 

Thus, in the figure R- A+ B+C 


c 
R 
B 
A 
Fig. 5.23 
INTRODUCTORY EXERCISE 


1. What is the angle between 2a and 4a? 
2. What is the angle between 3a and —5a? What is the ratio of magnitude of two vectors? 


3. Two vectors have magnitudes 6 units and 8 units respectively. Find magnitude of resultant of two 
vectors if angle between two vectors is 


(a) 0° (b) 180° (c) 60° (d) 120° (e) 90° 
4. Two vectors A and B have magnitudes 6 units and 8 units respectively. Find | A — B | if the angle 

between two vectors is 

(a) 0? (b) 180° (c) 60? (d) 120° (e) 90? 
5. For what angle between A and B, |[A - B| 2 |A - B|. 
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5.4 Components of a Vector 


Two or more vectors which, when compounded in accordance with the parallelogram law of vector R 
are said to be components of vector R. The most important components with which we are concerned 
are mutually perpendicular or rectangular ones along the three co-ordinate axes ox, oy and oz 
respectively. Thus, a vector R can be written as R= R, i+ R,j+R_K. 


Here, R}, R, and R, are the components of R in x, y and z-axes respectively and i i and k are unit 
vectors along these directions. The magnitude of R is given by 


R= R} +R? +R? 


1 


X 


R, R 
This vector R makes an angle of & —cos e with x-axis or cos & = ra 


=| R, , : R y 
B = cos ri with y-axis or cos B = — 


R, ] : 
and y= cos! (4: with z-axis or cos y= 


Note Herecosa,cos B and cos y are called direction cosines of R with x, y and z-axes. 
Refer Fig. (a) 


Fig. 5.24 
We have resolved a two dimensional vector R (in xy plane) in mutually perpendicular directions x and y. 


Component along x-axis = R, = R cos & or R sin D and component along y-axis = R, = R cos p or 
R sina. l 


If i and f be the unit vectors along x and y-axes respectively, we can write 
R=R,i+R,j 
Refer Fig. (b) 


Vector R has been resolved in two axes x and y not perpendicular to each other. Applying sine law in 
the triangle shown , we have 


R _ R, _ Ry 
sin[180-(a+8)] sinB sina 
T = ES add des ES 
“sin (a +B) ^ sin (a +B) 


Ifa+B=90°, R, =RsinBand R, =R sina 
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Position Vector 


To locate the position of any point P ina plane or space, generally a fixed point of reference called the 
origin O is taken. The vector OP is called the position vector of P with respect to O as shown in figure. 
If coordinates of point P are (x, y) then position vector of point P with respect to point O is 


OP-rz»xi -* yj 


A P(x, y) 


Fig. 5.25 


Note  (i)Fora point P, there is one and only one position vector with respect to the origin O. 
(i) Position vector of a point P changes if the position of the origin O is changed. 


Displacement Vector 


If coordinates of point A are (xj, y;, Zz, ) and B are (x, yo, Z3). 
Then, position vector of A 


=r; =OA=x,i+ y,j+z,k 
Position vector of B =r} =OB=x,i + yj + zk 
and AB=OB- OA= rg -T4 = displacement vector (s) S 
-(x-x))ài + (y2 - y») j+ (22 -z)k Fig. 5.26 


© Example 5.4 A force F has magnitude of 15 N. Direction of F is at 37° from 
negative x-axis towards positive y-axis. Represent F in terms of i and j. 


Solution The given force is as shown in figure. Let us find its AY 
x and y components. F IF|=F=15N 
F, =F cos 37° 
=15x 3 
5 


=12N (along negative x-axis) 
F,=F sin 37° 


=15x2 Y 


Fig. 5.27 


=9N (along positive y-axis) 
From parallelogram law of vector addition, we can see that 
F=OM+ON 
=F, -i)+F, Q) 
= (-12i + 9j)N Ans. 


© Example 5.5 Find magnitude and direction of a vector, A = (6i - ap. 
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Solution Magnitude of A 


|A jor 4 = (6)? + (-8? 


= 10 units Ans. 


Direction of A Vector A can be shown as 
y 


Fig. 5.28 


mas 
6 


o = tan! B = 53° 
3 


Therefore, A is making an angle of 53° from positive x-axis towards negative y-axis. 


2 
3 


© Example 5.6 Resolve a weight of 10 N in two directions which are parallel 
and perpendicular to a slope inclined at 30° to the horizontal. 


Solution Component perpendicular to the plane 


Fig. 5.29 


Ww, =wcos 30° 
= (10) B =5/3N 
and component parallel to the plane 
wy = wsin 30° = (10) B 
=5N 


© Example 5.7 Resolve horizontally and vertically a force F =8 N which makes 
an angle of 45° with the horizontal. 
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Solution Horizontal component of F is 


Fy =F cos 45° = ez -442N 


and vertical component of F is 


F, =F sin 45° = e)" i 


Note Two vectors given in the form of i, i and k can be added, subtracted or multiplied 
( by a scalar ) directly as is done in the example 5.8. 


Fig. 5.30 


© Example 5.8 Obtain the magnitude of 2A —3B if 
A-i-j-2k and B=2i-j+k 
Solution 2A—3B=2(i+ j - 2k)- 32i - j - Kk) - - 4i 4 5j— 7k 


Magnitude of 2A -3B —4(-4)? + (5?  (-7Y = 16+ 25 +49= 4/90 


INTRODUCTORY EXERCISE : 


1. Find magnitude and direction cosines of the vector, A= (3i -4j + 5k). 


2. Resolve a force F = 10 N along x and y-axes. Where this force vector is making an angle of 60° 
from negative x-axis towards negative y-axis? 

3. Find magnitude of A-2B+3C, where, A=2i +3j,B=i+ jand C - k. 

4. Find angle between A and B, where, 
(a) A- 2i and B=-6i (b) A=6j and B--2k 
(c) A- (2i - 3j) and B=4k (d) A-41and B- (-3i + 3j) 


5.5 Product of Two Vectors 


The product of two vectors is of two kinds 
(1) scalar or dot product. 
(ii) a vector or a cross product. 


Scalar or Dot Product 


: . B 

The scalar or dot product of two vectors A and Bis denoted by A - B and is read 

as A dot B. 

It is defined as the product of the magnitudes of the two vectors A and B and 

; n^ 0 
the cosine of their included angle 0. A 
Fig. 5.31 
Thus, A-:B- AB cos0 (a scalar quantity) 


Important Points Regarding Dot Product 
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The following points should be remembered regarding the dot product. 
(i) A-B=B-A 
(ii) A-(B+C)=A-B+A-C 
(iii) A-A= 4? 
(iv) A-B= A(B cos0) 2 A (Component of B along A) 
or A-B- A2(Acos0) - B (Component of A along B) 
(v) i-i=]j-j=k-k =()() cos 0° 21 
(vi) i- j= j-k =i-k 2 (D) cos 90° =0 


(vii) (a,i - b +c, k): (ai bj - ck) =a,a, t bb; +c 
A- 
(vill) cos0 = um — (cosine of angle between A and B) 
(ix) Two vectors are perpendicular if their dot product is zero. (0 = 90? ) 


© Example 5.9 Work done by a force F on a body is W =Fes, where s is the 
displacement of body. Given that under a force F - (2i + 3j + 4k) N a body is 
displaced from position vector r) = (2i + 3j +k) m to the position vector 
T, =(i +j+ k) m. Find the work done by this force. 
Solution The body is displaced from r, to r,. Therefore, displacement of the body is 
s=r,—-r, =(@+j+k)-(i+3j+k)=Ci-2j)m 
Now, work done by the force is W = F- s 
= (2i + 3] - 4k)-(-i - 2j) 
= (2)-1I) + 3)C2)+ (4)(0) =- 8J 


© Example 5.10 Find the angle between two vectors A = 2i + j -k and 
B- i — k. 


Solution A=|A| = 4QY +? cn»? e v6 
B=|B|= (1)? 4 (17 2 42 


-(Qirj-Eü-K) 
= (2)0) + (1)(0) + (-1)(-1)= 3 


A-B 3 
Now, mepe dE 2er 
3 43 
ET E! 
6 = 30° 


© Example 5.11 Prove that the vectors A 22i - 3j + k and B=i+ j +kare 
mutually perpendicular. 
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Solution A- B= (2i-3j+k)-(i+ j+k) 

= (2)(1) + (-3)(1) + (D(1) = 0= AB cos 0 
B cos 0-0 (as A x 0, B #0) 
or 0 = 90° 


or the vectors A and B are mutually perpendicular. 


Vector or Cross Product 


The cross product of two vectors A and Bis denoted by A x Band read as A cross B. B 

It is defined as a third vector C whose magnitude is equal to the product of the 

magnitudes of the two vectors A and B and the sine of their included angle 0. 9 A 
Thus, if |C-AxB, then C-ABsinO. Fig. 5.32 


The vector C is normal to the plane of A and B and points in the direction 
in which a right handed screw would advance when rotated about an axis 
perpendicular to the plane of the two vectors in the direction from A to B 
through the smaller angle 0 between them or alternatively, we might state 
the rule as below 


C-AxB 


Ifthe fingers ofthe right hand be curled in the direction in which vector A 

must be turned through the smaller included angle 0 to coincide with the 

direction of vector B, the thumb points in the direction of C as shown in 9 

Fig. 5.33. B 


Either of these rules is referred to as the right handed screw rule. Thus, if A 
n be the unit vector in the direction of C, we have 
; x Plane of A and B 
C=Ax B= AB sin ð n Fig. 5.33 
where, 0x0-zmn 
Important Points About Vector Product 
(i) AXB=-BxA 
(ii) The cross product of two parallel (or antiparallel) vectors is zero, as | A x B| = AB sin 0 and 
0 =0° or sin 0 =0 for two parallel vectors. Thus, i x i = jx j= k x k =a null vector. 
(iii) If two vectors are perpendicular to each other, we have 0 — 90? and therefore, sin 0 = 1. So that 


A x B = AB n. The vectors A, B and A x B thus form a right handed system of cd 
perpendicular vectors. It follows at once from the above that 


in case of the orthogonal triad of unit vectors i i and k (each D) (e 
perpendicular to each other) 
ixj--jxi- 


jxk2-kxj-i and kxi--ixk 
(ivy) AxX(B+C)=AXxXB+AXxC 


(v) A vector product can be expressed in terms of rectangular components ofthe two vectors and put 
in the determinant form as may be seen from the following: 


Fig. 5.34 
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Let A=ait+h,j+qk 
Then, AX B- (aji 4 bj j ck) x (ai 4 bj c; k) 


=a,a,(ixi)+a,b,(ix +a G x k) E as (xD +55, (x D 
+b (j xk)+ qa, (k xi) * e by(k xac (k x k) 
Since, ixi-jxj-kxk-anull vector and i x j=k, etc., we have 
A X B= (bc ^ b;) 1+ (Cyan -ac )j + (ab; — Bay) k 


or putting it in determinant form, we have 


A ^ ^ 


i j k 
A xB= ai b [5] 
a, b, c 


It may be noted that the scalar components of the first vector A occupy the middle row of the 
determinant. 


© Example 5.12 Find a unit vector perpendicular to A = 2i + 3j +k and 
B-i-j-k both. 


Solution As we have read, C= A x B is a vector perpendicular to both A and B. Hence, a unit 
vector fi perpendicular to A and B can be written as 


~ C AxB 
n=—= 
C |AxB| 
ij k 
Here, AxB=|2 3 1 
1 -1 1 
= i(3+1)+ j0-2)- K2- 3)- 4i -j—5k 
Further, [A x Bl= J(4 + C1? + C5?! = 442 
The desired unit vector is 
QR & = pony 
[Ax B| 142 


© Example 5.13. Show that the vector A = i — J + 2k is parallel to a vector 
B - 3i - 3j + 6k. 


Solution A vector A is parallel to an another vector B if it can be written as 
A-mB 


Here, A=(i—]+2k)=— GE - S) 6k) or A-iB 
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This implies that A is parallel to B and magnitude of A is : times the magnitude of B. 


Note Two vectors can be shown parallel (or antiparallel) to one another if : 
(i) The coefficients of i, j and k of both the vectors bear a constant ratio. For example, a vector 
1 — £1 — constant. If 


A= aji + bij + ck is parallel to an another vector B= api bj + Cok if : a1 - 
a bj cC; 
this constant has positive value, then the vectors are parallel and if the constant has negative value then 
the vectors are antiparallel. 
(ii) The cross product of both the vectors is a null vector. For instance, A and B are parallel (or antiparallel) 


ij k 
to each other ifA XB =|a, b, c |= a null vector 
d; b; C 


6 Example 5.14 Let a force F be acting on a body free to rotate about a point O 
and let x the position vector of any point P on the line of action of the force. Then 
torque (X) of this force about point O is defined as 


t=rxF 
Given, F=(2i+ 3j-k)N and r=(i-j+6k)m 
Find the torque of this force. 
i j k 
Solution t=rxF=]1 -1 6 
2 3 -l 


=i (1-18)+ 6024 D - K(34 2) 


or t- (-17i+ 13j 4 5k)N-m 
INTRODUCTORY EXERCISE 
1. Cross product of two parallel or antiparallel vectors is a null vector. Is this statement true or 
false? 
2. Find the values of 
(a) (4i) x (-6 k) (b) (35) (4j) (c) (2 i): (-4k) 


3. Two vectors A and B have magnitudes 2 units and 4 units respectively. Find A B if angle 
between these two vectors is 
(a) 0° (b) 60? (c) 90° (d) 120° 
(e) 180? 

4. Find(2A) x(-3B)ifA-2i-j and B=(j+k) 
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Final Touch Points 


1. 


AR 


10. 


11. 


The moment of inertia has two forms, a scalar form | (used when the axis of rotation is known) and a 
more general tensor form that does not require knowing the axis of rotation. Although tensor is a 
generalized term which is characterized by its rank. For example, scalars are tensors of rank zero. 
Vectors are tensors of rank two. 


. Pressure is a scalar quantity, not a vector quantity. It has magnitude but no direction sense 


associated with it. Pressure acts in all directions at a point inside a fluid. 


. Surface tension is scalar because it has no specific direction. 
. Stress is neither a scalar nor a vector quantity, it is a tensor. 
. To qualify as a vector, a physical quantity must not only possess magnitude and direction but must 


also satisfy the parallelogram law of vector addition. For instance, the finite rotation of a rigid body 
about a given axis has magnitude (the angle of rotation) and also direction (the direction of the axis) 
but itis not a vector quantity. This is so for the simple reason that the two finite rotations of the body do 
not add up in accordance with the law of vector addition. However if the rotation be small or 
infinitesimal, it may be regarded as a vector quantity. 


. Area can behave either as a scalar or a vector and how it behaves depends on circumstances. 
. Area (vector), dipole moment and current density are defined as vectors with specific direction. 
. Vectors associated with a linear or directional effect are called polar vectors or simply as vectors and 


those associated with rotation about an axis are referred to as axial vectors. Thus, force, linear 
velocity and linear acceleration are polar vectors and angular velocity, angular acceleration are axial 
vectors. 


. Examples of dot-product and cross-product 


Examples of Dot-product Examples of Cross-product 

W=F-s 1-rxF 
P=F-v L=rxP 

do, =E-ds V=0 xr 

do, =B-ds To =PXE 

U, =P-E tg=M xB 

Ug =M-B F, =q (vx B) 

dB = Ho / (dixr ) 
An D 


Students are often confused over the direction of cross product. Let us discuss a simple method. To 
find direction of A xB curl your fingers from A to B through smaller angle. If it is clockwise then A x B is 
perpendicular to the plane of A and B and away from you and if it is anti-clockwise then A x B is 
towards you perpendicular to the plane of A and B. 


The area of triangle bounded by vectors A and B is i |AxB|. 


Exercise : Prove the above result. 
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12. Area of parallelogram shown in figure is, Area =|A x B| 


Exercise : Prove the above relation. 

13. Scalar triple product : A-(B x C)is called scalar triple product. It is a scalar quantity. We can show 
that A-(BxC)=(AxB)-C - B.(CxA) 

14. The volume of a parallelopiped bounded by vectors A,B and C can be obtained by (A xB)-C. 

15. If three vectors are coplanar then the volume of the parallelopiped bounded by these three vectors 
should be zero or we can say that their scalar triple product should be zero. 

16. If A- aj + apj + ask, B - bi + bj + bk and C =c,i + c5j + Cak then A-(Bx C) is also written as 
[ABC ] and it has the following value : 


Ja; a az] 
[ABC J= b, Do bg 
C4 Co Cg 


= Volume of parallelopiped whose adjacent sides are along A, B andC. 
17. If|A| 2|B| = A (say) then, 


|R|=|A - B[ 2 2A cos $ 


Exercise : Prove the above result. 
For@=0°, |R|=2A 
6=60°, |R[- 43 A 
0-90*, |R|=vV2 A 
@=120°, |R|= Aand 
6=180°, |R|=O 
In this case, resultant of A and B always passes through the bisector line of A and B. 
18. If | A| 2|B| = A (say) then, 


IS|-|A -B|- 2A sin? 


Exercise: Prove the above result. 
19. Angle between two vectors is obtained by their dot product (not from cross product) i.e. 


It is not always, sin"! GRO 


AB 


Exercise : Explain the reason why 0 is not always given by the following relation ? 
0 = sin"! AS 2 zi 
AB 
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20. A unit vector perpendicular to both A and B 


21. Component of A along B = A cos 0 = —— 


A.B 
B 


Similarly, component of B along A 
=Bcos0= AB 
Component of A along B = component of B along A 
If| A| =|B| or A = B. Otherwise they are not equal. 
22. In the figure shown, 


diagonal D, 2|A +B or R[ 2 4 A? + B? + 2AB cos 0 


diagonal D, =|A -B or S | = JA? + B? — 2AB cos 0 


D, = D, = JA? + E? if 0 = 90° 
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Solved Examples 


© Example 1 Find component of vector A+ B along (i) x-axis, (ii) C . 
Given A-i-2j B=2i+3k and C=i+j. 
Solution A+ B- (i - 2j) + Gi 4 3k) 23i - 2j - 3k 
(G) Component of A+ B along x-axis is 3. 
(ii) Component of A+ B= R (say) along C is 
R.C Qi-2j43k)*( - j) 3-2 1 
C 40? 4 ay? 42. 42 


Rcos0 = 


© Example 2 Find the angle that the vector A= 2i + 3j — k makes with y-axis. 
A 
Solution cos 68 = — = : a2 
A J@y’+@+e1 v4 


(d 


© Example 3 Ifa and b are the vectors AB and BC determined by the adjacent 
sides of a regular hexagon. What are the vectors determined by the other sides 
taken in order? 


Solution Given AB- a and BC- b - p 
From the method of vector addition (or subtraction) we can show that, 
CD -b-a F 
Then DE--AB--a ‘ 
EF-- BC--b 
A B 
and FA--CD-a-b 


© Example4 lfaxb-bxcz0witha +- c then show that a+ c= kb, where k is 
scalar. 
Solution axb-bxc 
axb--exb 
axb+ecxb=0 

(a+ c)x b=0 
- ax b 40, bx c#0, a,b,c are non-zero vectors. (a+ c) z 0 
Hence, a+ cis parallel to b. 

a+c=kb 
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© Example 5 If A=2i —3j+ 7k, B=i + 2j and C= j- k. Find A (Bx C). 
Solution A*(Bx C)- [ABC], volume of parallelopiped 


2-3 7 
-1 2 O|] =2(-2-0)+3(-1-0)+ 70 -0)=-4-3+7=0 
0 1 -1 


Therefore A, B and C are coplanar vectors. 


6 Example 6 Find the resultant of three vectors OA,OB and OC shown in figure. 
Radius of circle is‘ R. 


Solution OA - OC 


OA + OC is along OB, (bisector) and its magnitude is 2R cos 45° = R V2 
(OA + OC)+ OBis along OB and its magnitude is R V2 + R= R (1 + 42) 


© Example 7 Prove that |ax bl? = a? b? — (a. by 
Solution Let|a|- a,|b|- b and0 be the angle between them. 
[a x bf? = (ab sin 0)? 2 a?b? sin? 0 
= a?b? (1 — cos? 0) = a?b? — (a - b cos 0)? 
- a?b? — (a -b? Hence Proved. 
© Example 8 Show that the vectors a= 3i - 2j +k, b- i — 3j - 5k and 
c= 2i + j - 4k form a right angled triangle. 
Solution We have b+ c= (i - 3j - 5k) + @i+ j - 4k) 23i -2j- K za 


Hence, a,b, c are coplanar. 
Also, we observe that no two of these vectors are parallel. 
Further, a:c- (3i -2j+ k): Gi + j-4k)=0 


Dot product of two non-zero vectors is zero. Hence, they are perpendicular b 
so they form a right angled triangle. £ 


lalz 941-414 
|b] 2 1494 25 - J35 
and lc|- J4-- 1416 = 21 
— Ja? 4 e = Jo? Hence Proved. 


Ol 
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© Example 9 Let A,B and C be the unit vectors. Suppose that A-B- A-C=0 and 
the angle between B and C is s then prove that A= € 2(Bx C) 
Solution Since, A. B-0, A-C=0 
Hence, (B+ C)-A=0 


So, A is perpendicular to (B+ C). Further, A is a unit vector perpendicular to the plane of 
vectors Band C. 


zu BxC 
|BxC| 
|Bx Cl=IBI|CĮIsin%=1x1x}=1 
6 2 2 
sg BAT opo Bx 
|Bx CI] 


© Example 10 A particle moves on a given line with a constant speed v. At a 
certain time, it is at a point P on its straight line path. O is a fixed point. Show 
that (OP x v) is independent of the position P. 


Solution Let v— vi 


OP- xi + yj 
Take OPx v= (xi + yi) x vi 
cu 
= constant (because yis constant) 
Hence, OP x v, which is independent of position of P. 


6 Example 11 Prove that the mid-point of the hypotenuse of right angled triangle 
is equidistant from its vertices. 
Solution Here, ZCAB =90°, let D be the mid-point of hypotenuse, we have 
BD- DC C 
AB- AD «* DB 
AC=AD+ DC=AD+ BD D 
Since, ZBAC =90° ABL AC 
(AD + DB): (AD+ BD)=0 
(AD - BD)- (AD + BD)=0 A B 
AD? - BD? =0 
AD=BD also BD- DC 
Dis mid-point of BC 
Thus, | AD| =| BD| = | DC|. Hence, the result. 


Exercises 


Objective Questions 


Single Correct Option 


1. 


10. 


11. 


12. 


Which one of the following is a scalar quantity? 


(a) Dipole moment (b) Electric field (c) Acceleration (d) Work 
. Which one of the following is not the vector quantity? 
(a) Torque (b) Displacement (c) Velocity (d) Speed 
. Which one is a vector quantity? 
(a) Time (b) Temperature 
(c) Magnetic flux (d) Magnetic field intensity 
. Minimum number of vectors of unequal magnitudes which can give zero resultant are 
(a) two (b) three 
(c) four (d) more than four 


. Which one of the following statement is false? 


(a) A vector cannot be displaced from one point to another point 

(b) Distance is a scalar quantity but displacement is a vector quantity 
(c) Momentum, force and torque are vector quantities 

(d) Mass, speed and energy are scalar quantities 


. What is the dot product of two vectors of magnitudes 3 and 5, if angle between them is 60°? 


(a) 5.2 (b) 7.5 (c) 8.4 (d) 8.6 

. The forces, which meet at one point but their lines of action do not lie in one plane, are called 
(a) non-coplanar non-concurrent forces (b) non-coplanar concurrent forces 
(c) coplanar concurrent forces (d) coplanar non-concurrent forces 


. A vector A points vertically upward and B points towards north. The vector product A x Bis 


(a) along west (b) along east (c) zero (d) vertically downward 


. The magnitude of the vector product of two vectors| A| and| B| may be 


(More than one correct options) 
(a) greater than AB (b) equal to AB (c) less than AB (d) equal to zero 


A force (3i + 4j) newton acts on a body and displaces it by (3i + 4p metre. The work done by the 
force 1s 

(a) 5J (b) 25 J (c) 10 J (d) 30 J 

The torque of force F= (21i — 3j + AK) newton acting at the point r = (3i + 2i + 3k) metre about 
origin is (in N-m) 

(a) 6i -6j+12k (b) 17i-6j-18k (c) -6i+6j-12k (d -171+6j+13k 


If a unit vector is represented by 0.5 î + 0.8j ck the value of c is 


(a) 1 (b) v0.11 (c) J001 (d) 0.39 
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13. Two vectors of equal magnitudes have a resultant equal to either of them, then the angle 
between them will be 
(a) 30? (b) 120° (c) 60° (d) 150° 


14. If a vector 21 + 3j 4- 8kis perpendicular to the vector 4i — 4j + ak, then the value of a is 


(a) -1 (b) - (c) -5 @ 1 


15. The angle between the two vectors A= 31-4 4j + 5kand B= 3i+ 4j- 5kis 
(a) 60° (b) 45° (c) 90° (d) 30° 

16. Maximum and minimum values of the resultant of two forces acting at a point are 7 N and 
3 N respectively. The smaller force will be equal to 
(a) 5N (b) 4N (c) 2N (d) 1N 

17. If the vectors P= ai + aj+ 3k and Q=ai- 2j — K are perpendicular to each other, then the 
positive value of ais 
(a) zero (b) 1 (c) 2 (d) 3 

18. The (x, y, z) co-ordinates of two points A and B are given respectively as (0, 3, — 1) and (-2, 6, 4). 
The displacement vector from A to Bis given by 
(a) -21+6j+4k (b) -21+3j+3k 
(c) -2i+3j+5k (d 2i-3j-5k 


19. A vector is not changed if 
(a) it is rotated through an arbitrary angle 
(b) it is multiplied by an arbitrary scalar 
(c) it is cross multiplied by a unit vector 
(d) it is displaced parallel to itself 


20. Which of the sets given below may represent the magnitudes of three vectors adding to zero? 


(a) 2, 4, 8 (b) 4, 8, 16 
(c) 1, 2, 1 (d) 0.5, 1, 2 
21. The resultant of A and B makes an angle a with A and with B, then 
(a) à is always less than D (ba «pif A« B 
(c) a «pif A» B (dda «pif A=B 
22. The angles which the vector A = 3î + 6j+ 2k makes with the co-ordinate axes are 
(a) cos + 2 ,cos d 9 and cos + 2 (b) cost = ,cos + 2 and cos! 3 
7 7 7 7 7 T 
(c) cos! = cos" : and cos + : (d) None of these 


23. Unit vector parallel to the resultant of vectors A= 4i- 3j and B= 814 8j will be 


24i +5) 12145} 
(a) E (b) is 
oo (d) None of these 
13 
24. The component of vector A= 2î + 3j along the vector i+ jis 
5 
a) — 10/2 c) 542 d) 5 
(a) NI (b) (c) (d) 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 
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Two vectors A and Bare such that A+ B= Cand A? + B? = C?. If@ is the angle between positive 
direction of A and B, then the correct statement is 


(a) @=n () 9-72 
(c) 0 20 (d) 6a" 
2 
If] Ax BI = /3A- B, then the value of| A+ B| is 
AB)" 
A? + B?+ AB)? (47+ B+ 2) 
(a) ( ) (b) m 
(c) (A+B) (d) (A? + B? + J3AB)? 
If the angle between the vectors A and B is 0, the value of the product (B x A): Ais equal to 
(a) BA? cos 0 (b) BA? sin ® 
(c) BA? sin 0 cos 0 (d) zero 
Given that P 212, Q = band R = 13 also P+ Q= R, then the angle between P and Q will be 
x 
(a) x (b) E 
T 
dios. 
(c) zero (d) 4 
Given that P+ Q+ R= 0. Two out of the three vectors are equal in magnitude. The magnitude of 


the third vector is V2 times that of the other two. Which of the following can be the angles 
between these vectors? 


(a) 90°, 135°, 135? (b) 45°, 45°, 90° 

(c) 30°, 60°, 90° (d) 45°, 90°, 135° 

The angle between P+ Q and P - Q will be 

(a) 90? (b) between 0? and 180? 
(c) 180? only (d) None of these 


The value of n so that vectors 214- 3j — 2k, 5it+n js kand - i4 2j43 k may be coplanar, will 
be 


(a) 18 (b) 28 (c) 9 (d) 36 
If a and b are two vectors, then the value of (a+ b)x (a- b)is 
(a) 2(bxa) (b) -2(bxa) (c) bxa (d) ax b 


The resultant of two forces 3P and 2P 1s R. If the first force 1s doubled then the resultant 1s also 
doubled. The angle between the two forces is 

(a) 60° (b) 120? (c) 30° (d) 135? 

The resultant of two forces, one double the other in magnitude, 1s perpendicular to the smaller 
of the two forces. The angle between the two forces is 


(a) 120° (b) 60° (c) 90? (d) 150° 
Three vectors satisfy the relation A- B2 0 and A- C= 0,then A is parallel to 
(a) € (b) B (c) Bx C (d) B.C 


The sum of two forces at a point 1s 16 N. If their resultant is normal to the smaller force and has 
a magnitude of 8 N, then two forces are 

(a) 6N,10N (b) 8N,8N 

(c) 4N,12N (d) 2N,14N 
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37. The sum of two vectors A and Bis at right angles to their difference. Then 


(a) A=B 

(b) A=2B 

(c) B=2A 

(d) A and B have the same direction 


38. Let C= A+B. 


(a) |Clis always greater than |A | 

(b) It is possible to have |C|<|A|and|C|<|B| 
(c) C is always equal to A+ B 

(d) C is never equal to A+ B 


39. Let the angle between two non-zero vectors A and B be 120? and its resultant be C. 


(a) C must be equal to| A - B| 

(b) C must be less than | A - B| 

(c) C must be greater than | A — B| 
(d) C may be equal to | A - B| 


Match the Columns 


1: 


Column I shows some vector equations. Match Column I with the value of angle between A and 
B given in Column II. 


Column I Column II 

(a) |AxBl=|A-Bl (p ^ zero 
(b AxB-BxA (q) 2 
T 

© |A+Bl=|A-Bl O & 
3T 

(d) A+B=Cand A+B=C (s) " 


Subjective Questions 


1. 
2. 


If a = 2i + 3j + 4k and b= 4i + 3j+ 2k, find the angle between a and b. 


The vector A has a magnitude of 5 unit, B has a magnitude of 6 unit and the cross product of A 
and B has a magnitude of 15 unit. Find the angle between A and B. 


. Suppose a is a vector of magnitude 4.5 unit due north. What is the vector (a) 3a (b) -4a ? 


. Two vectors have magnitudes 3 unit and 4 unit respectively. What should be the angle between 


them if the magnitude of the resultant 1s (a) 1 unit, (b) 5 unit and (c) 7 unit. 


. The work done by a force F during a displacement r is given by F- r. Suppose a force of 12 N acts 


on a particle in vertically upward direction and the particle is displaced through 2.0 m in 
vertically downward direction. Find the work done by the force during this displacement. 


. If A, B, C are mutually perpendicular, then show that C x (A x B)- 0. 
. Prove that A. (Ax B)- 0. 


14. 
15. 


16. 


17. 


18. 


19. 
20. 


21. 


22. 
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. Find the resultant of the three vectors shown in figure. 


Y, 


2.0m 


. Give an example for which A: B=C- Bbut A z C. 

. Obtain the angle between A+ Band A - Bif A = 2i + 3jand B- i - 2j. 

. Deduce the condition for the vectors 2i + 3j — 4k and 3i — aj+ bk to be parallel. 

. Find the area of the parallelogram whose sides are represented by 2i + 4j — 6k and i + 2k. 


. If vectors A and B be respectively equal to 3i — 4j + 5k and 2i + 3j — 4k. Find the unit vector 


parallel to A B. 

If A = 21 - 3j 7k, B=i+ 2k and C = j- K find A- (Bx C). 

The x and y-components of vector A are 4 m and 6 m respectively. The x and y-components of 
vector A+ B are 10 m and 9 m respectively. Calculate for the vector B the following : 

(a) its x and y-components 


(b) its length 
(c) the angle it makes with x-axis 


Three vectors which are coplanar with respect to a certain rectangular co-ordinate system are 
given by 
a =4i-j, b=-3i1+2j and c--3j 


Find 
(à at+bt+e 
(b a-b-c 


(c) Find the angle between a + b+ canda- b-c 


Let A and B be the two vectors of magnitude 10 unit each. If they are inclined to the x-axis at 
angles 30? and 60? respectively, find the resultant. 


The resultant of vectors OA and OB is perpendicular to OA as shown in figure. Find the angle 
AOB. 


B 


Guil 


6m 
0 


O 4m A 


Find the components of a vector A — 214 3j along the directions of i+ j and i- i 


If two vectors are A = 21 + j— kand B= js 4k. By calculation, prove that A x Bis perpendicular 
to both A and B. 


The resultant of two vectors A and Bis at right angles to A and its magnitude is half of B. Find 
the angle between A and B. 


Four forces of magnitude P, 2P, 3P and 4P act along the four sides of a square ABCD in cyclic 
order. Use the vector method to find the magnitude of resultant force. 
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23. If P+ Q= R and P - Q =S, prove that R? + S? = 2(P? + Q?) 


24. Prove by the method of vectors that in a triangle 


Introductory Exercise 5.1 


1. 0° 
2. 180°, 0.6 


a | b c 
snA sinB sinC 
Answers 


3. (a) 14 units (b) 2 units (c) 2/37 units (d) 2413 units (e) 10 units 
4. (a) 2 units (b) 14 units (c) 2413 units (d) 2/37 units (e) 10 units 


5. 90° 


Introductory Exercise 5.2 


1. A= 542 units, cosa = 


3 ,cosp = 


-^ and cos y= 


542 


2. F,=-5N,F,=-5V3N 
3. v10 units 


4. (a)180* (b) 90° (c) 90° (d) 135° 


Introductory Exercise 5.3 


1. True 
. (a)24j (b) -12 (c) zero 


542 


E 
J2 


2 
3. (a) 8 units (b) 4 units (c) zero (d) -4 units (e) -8 units 
4 


. (614+ 12j-12k) 


Single Correct Option 


1.(d) 2. (d) 3. (d) 
11. (b) 12. (b) 13. (b) 
21. (c) 22. (a) 23. (b) 
31. (a) 32. (a) 33. (b) 


Match the Columns 


4. (b) 
14. (b) 
24. (a) 
34. (a) 


1. (a)or,s (b) p, (Cc) q (d) p 


Exercises 

5. (a) 6. (b) 7. (b) 
15. (c) 16. (c) 17. (d) 
25. (d) 26. (a) 27. (d) 
35. (c) 36. (a) 37. (a) 


8. (a) 
18. (c) 
28. (b) 
38. (b) 


9. (b,c,d) 
19. (d) 
29. (a) 
39. (c) 


10. (b) 
20. (c) 
30. (b) 
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Subjective Questions 
(2) 
cos | — 
29 
30° or 150° 
(a) 13.5 unit due north (b) 18 unit due south 


(a) 180° (b) 90° (c) 0° 
-24 J 


op Rwy 


474 mat angle tan} B5 from x-axis towards y-axis 


9. See the hints 


E 4 
10. cos ‘(| 11.a=-45,b=-6 
465 
: 1 Oo sae 
12. Area = 13.4 units 13. —— (5i-j+k 
we” 
14. zero 


15. (a) 6m, 3m (b)3/5 m (c6 ten (2) 


16. (a) i- 2j (b) i 4j (©) cos" | 


485 
17. 20 cos 15° unit at 45? with x-axis. 18. cos! (=) 
5 -1 
19. — ,— 21. 150° 
J2 v2 
22. 2/2P 


Kinematics 


Chapter Contents 


6.1 Introduction to Mechanics 
and Kinematics 

6.2 Few General Points of Motion 

6.3 Classification of Motion 

6.4 Basic Definition 

6.5 Uniform Motion 


6.6 One Dimensional Motion with Uniform 
Acceleration 


6.7 One Dimensional Motion with 
Non-uniform Acceleration 
6.8 Motion in Two and Three Dimensions 


6.9 Graphs 
6.10 Relative Motion 


6.1 Introduction to Mechanics and Kinematics 


Mechanics is the branch of physics which deals with the motion of particles or bodies in space and 
time. Position and motion of a body can be determined only with respect to other bodies. Motion of 
the body involves position and time. For practical purposes a coordinate system, e.g. the cartesian 
system is fixed to the reference body and position of the body is determined with respect to this 
reference body. For calculation of time generally clock is used. 


Kinematics is the branch of mechanics which deals with the motion regardless of the causes 
producing it. The study of causes of motion is called dynamics. 


6.2 Few General Points of Motion 


Kinematics is the branch of mechanics which deals with the motion regardless of the causes 
producing it. 


1. 


Direction of velocity is in the direction of motion. But direction of acceleration is not necessarily 
in the direction of motion. Direction of acceleration is in the direction of net force acting on the 
body. For example, if we say that a body is moving due east, it means velocity of the body is 
towards east. From the above statement, we cannot find the direction of acceleration. 

Motion in a straight line is called a one-dimensional motion. 

Motion which is not one dimensional is called a curvilinear motion. Circular motion and 
projectile motion are the examples of curvilinear motion. 


e = = 
Straight line motion 


Curvilinear motions 
Fig. 6.1 


Direction of velocity at any point on a curvilinear path is tangential to the path. But with direction 
of acceleration there is no such condition. As we have stated earlier also, it is in the direction of net 
force. For example, in the figure shown below a particle is moving on a curvilinear path. 
P 
0 


v 


a 
Fig. 6.2 


At point P, velocity of the particle is tangential to the path but acceleration is making an angle 0 
with velocity. If 0 is acute (0° € 0 < 90° ), then speed (which is also magnitude of velocity vector) 
of the particle increases. If 0 is obtuse (90° «0 <180° ), then speed of the particle decreases. 


Note 60 =90° is a special case when speed remains constant. This point we shall discuss in our later discussions. 
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© Example 6.1 Velocity of a particle at some instant is v -(8i + 4j + 5k) m/s. 
Find speed of the particle at this instant. 


Solution Magnitude of velocity vector at any instant of time is the speed of particle. Hence, 


Speed = vor |v|= (3)? + (4)° + (5 = 542 m/s Ans. 


© Example 6.2 “A lift is ascending with decreasing speed”. What are the 
directions of velocity and acceleration of the lift at the given instant. 


Solution (i) Direction of motion is the direction of velocity. Lift is ascending (means it is 
moving upwards). So, direction of velocity is upwards. 


(11) Speed of lift is decreasing. So, direction of acceleration should be in opposite direction or it 
should be downwards. 


INTRODUCTORY EXERCISE 
1. "Aliftis descending with increasing speed". What are the directions of velocity and acceleration 
in the given statement? 
2. Velocity and acceleration of a particle at some instant are 
v=(31-4j+2k)m/s and a=(2i+j—-2k)m/s? 
(a) What is the value of dot product of v anda at the given instant? 


(b) What is the angle between v anda, acute, obtuse or 90°? 
(c) At the given instant, whether speed of the particle is increasing, decreasing or constant? 


6.3 Classification of Motion 


A motion can be classified in following two ways : 


First According to this way, a motion can be either 
(1) One dimensional (1-D) 
(ii) Two dimensional (2-D) 
(iii) Three dimensional (3-D) 
In one dimensional motion, particle (or a body) moves in a straight line, in two dimensional motion, it 
moves in a plane and in three dimensional motion body moves in space. 
Second According to this way, a motion can be either 
(i) Uniform motion 
(ii) Uniformly accelerated 
(iii) Non-uniformly accelerated. 
In uniform motion, velocity of the particle is constant and in non-uniformly accelerated motion 
acceleration of the particle is not constant. 


Equations, v =u + at etc. can be applied directly, only for uniformly accelerated motion. If the 
motion is one dimensional then these equations can be written as, v = u at etc. For solving a 
problem of non-uniform acceleration, either integration or differentiation is required. 
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© Extra Points to Remember 


In uniform motion, velocity of particle is constant, therefore acceleration is zero. Velocity is constant, means 
its magnitude (or speed) is constant and direction of velocity is fixed. So, the particle moves in a straight line. 
Hence, it is always one dimensional motion. 


6 Example 6.3 Give two examples of two dimensional motion. 


Solution Two dimensional motion takes place in a plane. Its two examples are 
circular motion and projectile motion. 
y 


Circular motion Projectile motion 
Fig. 6.3 


Normally, the plane of circular motion is either horizontal or vertical and plane of projectile 
motion is vertical. 


6 Example 6.4 Velocity of a particle is v =(2i + 3j — 4k) m/s and its acceleration 
is zero. State whether it is 1-D, 2-D or 3-D motion? 


Solution Since, acceleration of the particle is zero. Therefore, it is uniform motion or motion in 
a straight line. So, it is one dimensional motion. 


© Example 6.5 Projectile motion is a two dimensional motion with constant 
acceleration. Is this statement true or false? 


Solution True. Projectile motion takes place in a plane. So, it is two dimensional. For small 
heights, its acceleration is constant (= acceleration due to gravity). Therefore, it is a two 
dimensional motion with constant acceleration. 


INTRODUCTORY EXERCISE 


1. Velocity and acceleration of a particle are 
v-(2i-4j)m/s and a-(-2i-4j)m/s? 
Which type of motion is this ? 
2. Velocity and acceleration of a particle are 
v-(2i)m/s and a =(4fi + t^j) m/s? 
where, t is the time. Which type of motion is this ? 
3. In the above question, can we use v =u + at equation directly? 
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6.4 Basic Definitions 


Position Vector and Displacement Vector 
If coordinates of point A are (x,, y}, zı) and B are (x5, y2, Z2). Then, position Y 
vector of A ^ ^ A 

Position vector of B =r} =OB=x,i + yj + zk 

and AB-OB-OA-r,-r, 

= (x. —x I+. y») jt (22 -z)k 


Distance and Displacement 


Distance is the actual path length covered by a moving particle or body in a 
given time interval, while displacement is the change in position vector, 1.e. 
a vector joining initial to final positions. If a particle moves from A to C 
(Fig. 6.5) through a path ABC. Then, distance travelled is the actual path 
length ABC, while the displacement is 

s=Ar=ro-ry 


If a particle moves in a straight line without change in direction, the Fig. 6.5 
magnitude of displacement is equal to the distance travelled, otherwise, it is 
always less than it. Thus, 

|displacement | < distance 


Average Speed and Average Velocity 


The average speed of a particle in a given time interval is defined as the ratio of total distance 
travelled to the total time take. 


The average velocity is defined as the ratio of total displacement to the total time taken. 


total distance 


Thus, Vay = average speed = 2 
total time 
. total displacement 
and Vay = average velocity = : 
total time 
S S Ar Y, 7"; 
= or or = 
At t At At 


Here, r, = final position vector and r; = initial position vector 


Instantaneous Velocity and Instantaneous Speed 
Instantaneous velocity and instantaneous speed are defined at a particular instant and are given by 


; s ds dr 
v; orsimply v= lim Or Or 
At» 0 At dt dt 


Here, r is position vector of the body (or particle) at a general time t. 
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Magnitude of instantaneous velocity at any instant is called its instantaneous speed at that instant. 
Thus, 


Instantaneous speed = v =| v| = 


Average and Instantaneous Acceleration 
Average acceleration is defined as the ratio of change in velocity, i.e. Av to the time interval Af in 
which this change occurs. Hence, 
"E Av QNT 
"At At 
The instantaneous acceleration is defined at a particular instant and is given by 
. Av dv 
pom 


a 
Here, v, = final velocity and v; = initial velocity vector 


€» Extra Points to Remember 


e |f motion is one dimensional (let along x-axis) then all vector quantities (displacement, velocity and 
acceleration) can be treated like scalars by assuming one direction as positive and the other as negative. 
In this case, all vectors along positive direction are given positive sign and the vectors in negative direction 
are given negative sign. 


e For example, displacement, instantaneous velocity, instantaneous acceleration, average velocity and 
average acceleration in this case be written as 
S=Ar=h—-f OF X-X 


v= ds or gs or a- e 
at at at 
AST A Av _ Vr-Vj 
Ven, = i f i and eue erae i 
UOCE M At GS Ts A 


© Example 6.6 In one second, a particle goes from point A to point B moving in 
a semicircle (Fig. 6.6). Find the magnitude of the average velocity. 


A 
B 
Fig. 6.6 
Solution Vay] = = m/s 
At 
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© Example 6.7 A table is given below of a particle moving along x-axis. In the 
table, speed of particle at different time intervals is shown. 


Table 6.1 
Time interval (in sec) Speed of particle (in m/s) 
0-2 2 
2-5 3 
5-10 4 
10-15 2 


Find total distance travelled by the particle and its average speed. 
Solution Distance = speed x time 

m Total distance = (2 x 2) + (3)(3) + (5)(4) + (5)(2)= 43m 
Total time taken is 15 s. Hence, 


Total distance 
Average speed = — — — — 
Total time 


-8 287 m/s 
15 


© Example 6.8 A particle is moving along x-axis. Its X-coordinate varies with 


time as, á 
X-22t^ + 4t- 6 


Here, X is in metres and t in seconds. Find average velocity between the time interval 
t=Otot=2s. 


Solution In 1-D motion, average velocity can be written as 
— As _ Xy -X; u X» sec =A aie 


V av 


At At 2-0 
_ 22)" * 4Q)- 6] - D2(0)* * 4(0) - 6] 
2 
= 8 m/s Ans. 


© Example 6.9 A particle is moving in x-y plane. Its x and y co-ordinates vary 

with time as xod andiya 
Here, x and y are in metres and t in seconds. Find average acceleration between a 
time interval from t = Oto t= 2 s. 


Solution The position vector of the particle at any time ¢ can be given as 
r=xit yj2 26814 (0j 
dr 


The instantaneous velocity is v= p 


;7 d + 3075) 
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Av Vy — Vi u V2sec — V0sec 


Now, ay =— = 
At At 2-0 
_ [(4)(2)i + (92^ 11- EXC) + (360? 1] 
2 
= (4i + 6j) m/s” Ans. 
INTRODUCTORY EXERCISE 


1. Average speed is always equal to magnitude of average velocity. Is this statement true or false? 
2. When a particle moves with constant velocity its average velocity, its instantaneous velocity and 
its speed all are equal. Is this statement true or false? 


3. A stone is released from an elevator going up with an acceleration of g/2. What is the 
acceleration of the stone just after release? 


4. A clock has its second hand 2.0 cm long. Find the average speed and modulus of average 
velocity of the tip of the second hand in 15 s. 
5. (a) Is it possible to be accelerating if you are travelling at constant speed? 


(b) Is it possible to move on a curved path with zero acceleration, constant acceleration, 
variable acceleration? 


6. A particle is moving in a circle of radius 4 cm with constant speed of 1 cm/s. Find 
(a) time period of the particle. 


(b) average speed, average velocity and average acceleration in a time interval from t 20 to 
t = T/4. Here, T is the time period of the particle. Give only their magnitudes. 


5.5 Uniform Motion 


As we have discussed earlier also, in uniform motion velocity of the particle is constant and 
acceleration is zero. Velocity is constant means its magnitude (called speed) is constant and direction 
is fixed. Therefore, motion is 1-D in same direction. If velocity is along positive direction, then 
displacement is also along positive direction. Therefore, distance travelled (d) is equal to the 
displacement (s). If velocity is along negative direction then displacement is also negative and 
distance travelled in this case is the magnitude of displacement. Equations involved in this motion are 
(1) Velocity (may be positive or negative) = constant 
(ii) Speed, v = constant 
(iii) Acceleration =0 
(iv) Displacement (may be positive or negative) — velocity x time 
(v) Distance = speed x time or d — vt 


(vi) Distance and speed are always positive, whereas displacement and velocity may be positive or 
negative. 


© Example 6.10 A particle travels first half of the total distance with constant 
speed v, and second half with constant speed v,. Find the average speed during 
the complete journey. 
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Solution div T 
At + iB 
t C A 
Fig. 6.7 

d d 

ti =— and ft, =— 

Vi V2 

total dist d+d 2 2v v 

otal distance _ _ d | wv Ans: 


Average speed = - 
total time ti +t, (div )*t(d/v) vi +v 


© Example 6.11 A particle travels first half of the total time with speed v, and 
second half time with speed v,. Find the average speed during the complete 
journey. 


Solution tiv t: 49 
A! i 1B 
d, C d; 


Fig. 6.8 


d,=v,t and d,=vyt 
total distance dj +d, vwttvt vi +v Aus 
total time t+t 2t 2 i 


Average speed = 


© Example 6.12 A particle travels first half of the total distance with speed v}. 
2 


In second half distance, constant speed in 3 rd time is v and in remaining 3 rd 


time constant speed is v,. Find average speed during the complete journey. 


Solution 


t 2t 
diy =" Th 
A 1 3 2 B 
C D 
K d > 
Fig. 6.9 
t 2t 
CD * DB -d > v 3 + 3 (v4 )=d 
or t= = .-(1) 
V9 + 2v3 
Further, tuc= EA 
Vi 
total distance d * d 
Now, average speed — - 


total time tac ttcp +tpg 
2d _ 2d 
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Substituting value of t from Eq. (1), we have 
2d 


(d/ v4 )+ (3d/v, + 2v; ) 
| 2v (v, + 2V3 ) 
3y, + v, + 2v3 


average speed = 


Ans. 


INTRODUCTORY EXERCISE 


1. A particle moves in a straight line with constant speed of 4 m/s for 2 s, then with 6 m/s for 3 s. 
Find the average speed of the particle in the given time interval. 


2. A particle travels half of the time with constant speed 2 m/s. In remaining half of the time it 
travels, ;^ distance with constant speed of 4 m/s and i th distance with 6 m/s. Find average 


speed during the complete journey. 


6.6 One Dimensional Motion with Uniform Acceleration 


As we have discussed in article 6.3 that equations like v =u -- a£. -ve 4————————————— ——- *ve 
. , : . In horizontal 1-D motion 
etc. can be applied directly with constant (or uniform) 


*ve 
acceleration. Further, in one dimensional motion, all vector 
quantities (displacement, velocity and acceleration) can be 
treated like scalars by using sign convention method. In this 
method, one direction is taken as positive and the other as the 
negative and then all vector quantities are written with paper -ve 
signs. In most of the cases, we will take following sign In vertical 1-D motion 
convention. Fig. 6.10 
The equations used in 1-D motion with uniform acceleration are 
v=u+at ...(1) 
v? Za? +2as ...(i1) 
1 E 
sc utat .. (1) 
l 5 . 
5| —59 eee (iv) 
1 
S; i g (V) 


In the above equations, u = initial velocity, v = velocity at time t, a = constant acceleration 
s = displacement measured from the starting point 
Here, starting point means the point where the particle was at t =0. It is not the point where u — 0. 
sı = displacement measured from any other point, say P, where P is not the starting point. 
So = displacement of the starting point from P. 
5, = displacement (not the distance in t™ second). 


Chapter 6 Kinematics © 137 


€» Extra Points to Remember 

e |n most of the cases, displacement is measured from the starting point, therefore Eq. (iii) or s =ut + 1 al” 
is used. 2 

e For small heights, if the motion is taking place under gravity then acceleration is always constant 
(= acceleration due to gravity). This is 9.8 m / s? (= 10 m / s?) in downward direction. According to our 
sign convention downward direction is negative. Therefore, 

a=g =9.8m/s* = -10 m/s? 

e One-dimensional motion (with constant acceleration) can be observed in following three cases: 
Case 1 Initial velocity is zero. 
Case 2 Initial velocity is parallel to constant acceleration. 
Case 3 Initial velocity is antiparallel to constant acceleration. 
In first two cases, motion is only accelerated and direction of motion does not change. In the third case, 
motion is first retarded (till the velocity becomes zero) and then accelerated in opposite direction. 


v=0 
u=0 uzo "d 
Paza qwe di 
| | 
TER 

: | ns 
| j 
€—— 
Case-1 Case-2 Case-3 
Fig. 6.11 


e |n most of the problems of time calculations, s = ut + - at? equation is useful. But s has to be measured 


from the starting point. 


e Incase 3 (of point 3), we need not to apply two separate equations, one for retarded motion (when motion 
is upwards) and other for accelerated motion (when motion is downwards). Problem can be solved by 


applying the equations only one time, provided s (in s 2 ut + : at?)is measured from the starting point 
and all vector quantities are substituted with proper signs. 
© Example 6.13 A ball is thrown upwards from the top of a tower 40 m high 


with a velocity of 10 m/s. Find the time when it strikes the ground. 
Take g 2 10 m/s’. 


Solution In the problem, u 2 - 10 m/s, a=- 10 m/s 2 


and i s=—40m (at the point where stone strikes the ground) 
Substituting in s = ut + z at?, we have ^ iue | uos nis 

-402101:— 5t? a=g=—10 m/s? 

s=0 
or 5t? - 10t - 40=0 T 
2 = 
or t^—2t- 8-0 ids 
Solving this, we havet 24s and -2s. 
E s 


Taking the positive value t = 4 s. 
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Note The significance oft = —2 s can be understood by following figure 


T 
t21s1 | te=lbe=2s 
1 | tac=tep=18 
t=0B® |D 
it=2s 
[7-29 ACE t=4s 
Fig. 6.13 


6 Example 6.14 A ball is thrown upwards from the ground with an initial 
speed of u. The ball is at a height of 80 m at two times, the time interval being 
6 s. Find u. Take g 210 m/s”. 


Solution Here, u= u m/s, a-g - —10 m/s? and s= 80 m. gom 
are . 1 
Substituting the valuesin — s— ut + — at^, | PYS 
2 
we have 80=ut- 5t? or St? —ut+80=0 | u 
-ve 
; u+ Ju? — 1600 3 u — u° — 1600 
or = an 
10 10 
2 2 Fig. 6.14 
u+ ju —1600 u—4u^ — 1600 
Now, it is given that § ——————————— — ————— —— - 6 
10 10 
Ju — 1600 > j 
or ER EN or «u^-—1600-230 or u^-1600- 900 
u? 22500 or u=+50m/s 
Ignoring the negative sign, we have u=50 m/s 
€» Extra Points to Remember 
e |n motion under gravity, we can use the following results directly in objective problems: " 
(a) If a particle is projected upwards with velocity u , then 
2 u 
(i) maximum height attained by the particle, h = = 
g 
(ii) time of ascent = time of descent=} = .. Total time of flight = ^". Fig. 6.15 
g g Qu=0 
(b) If a particle is released from rest from a height h (also called free fall), then i 
(i) velocity of particle at the time of striking with ground, v = J/2gh h; 
l 
(ii) time of descent (also called free fall time) t = an Q 
g v 


aay : Fig. 6.16 
Note Inthe above results, air resistance has been neglected and we have already substituted 


the signs of u, g etc. So, you have to substitute only their magnitudes. 


e Exercise Derive the above results. 
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Difference between Distance (d) and Displacement (s) 


2 


: : , 1 : ; 
The s in equations of motion (s = ut + — at? and v? =u? + 2as) is really the displacement not the 
2 


distance. They have different values only when u and a are of opposite sign or u T |j a. 


Let us take the following two cases : 


Case 1, When wis either zero or parallel to a, then motion is simply accelerated and in this case 
distance is equal to displacement. So, we can write 


1 
d=s=ut+—at? 
2 
Case 2) When u is antiparallel to a, the motion is first retarded then accelerated in opposite 


direction. So, distance is either greater than or equal to displacement (d 2 ||). In this case, first find 
the time when velocity becomes zero. Say it is t. 


0=u- ato > n ty = 


u 
a 


: : f : : 1 
Now, if the given time f < tọ, distance and displacement are equal. So, d = s= ut + 2 at? 


For t € to, (with u positive and a negative) 
For ¢ > tọ, distance is greater than displacement. d — d, + d, 
2 
. . u 
Here, d, = distance travelled before coming to rest = T 
a 


; ; "C 1 
d, = distance travelled in remaining time ¢ — ty = 5 |a(t-t))?| 


1 2 
+-|a(t-t 
zla (to) 
Note The displacement is still s =ut + - at^ with u positive and a negative. 


6 Example 6.15 A particle is projected vertically upwards with velocity 40 m/s. 
Find the displacement and distance travelled by the particle in 
(a) 2s (b) 4s (c) 6s 
Take g= 10 m/s?. 


Solution Here, u is positive (upwards) and a is negative (downwards). So, first we will find 
ty, the time when velocity becomes zero. 


(a) t< tg. Therefore, distance and displacement are equal. 


d=s=ut + 7 a - 40x 2- 2x 10x 4- 60m 
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(b) t= tg. So, again distance and displacement are equal. 


d- s- 40x 4- x 10x 16- 80m 


(c) t» tg. Hence, d > s, 57 40x 6- 7 x 10x 36= 60m 
2 
While i-e at- 
2 
- CD + 5 10x (6-4) 
=100m 
INTRODUCTORY EXERCISE 


1. 


2. 


10. 


Prove the relation, s, =u + at -3* 


Equation s, =u + at — i a does not seem dimensionally correct, why? 


A particle is projected vertically upwards. What is the value of acceleration 

(i) during upward journey, 

(ii) during downward journey and 
(iii) at highest point? 
A ball is thrown vertically upwards. Which quantity remains constant among, speed, kinetic 
energy, velocity and acceleration? 
A particle is projected vertically upwards with an initial velocity of 40 m/s. Find the displacement 
and distance covered by the particle in 6 s. Take g =10 m/s?. 
A particle moves rectilinearly with initial velocity u and constant acceleration a. Find the average 
velocity of the particle in a time interval from t =0 to t 2 t second of its motion. 


A particle moves in a straight line with uniform acceleration. Its velocity at time t = 0 is v, and at 
time t =t is vy. The average velocity of the particle in this time interval is Eure ] 


Is this statement true or false? 


Find the average velocity of a particle released from rest from a height of 125 m over a time 
interval till it strikes the ground. Take g = 10 m/s?. 


A particle starts with an initial velocity 2.5 m/s along the positive x-direction and it accelerates 

uniformly at the rate 0.50 m/s?. 

(a) Find the distance travelled by it in the first two seconds 

(b) How much time does it take to reach the velocity 7.5 m/s? (c) How much distance will it 
cover in reaching the velocity 7.5 m/s? 

A ball is projected vertically upward with a speed of 50 m/s. Find (a) the maximum height, (b) the 

time to reach the maximum height, (c) the speed at half the maximum height. Take g = 10 ms?. 
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6.7 One Dimensional Motion with Non-uniform Acceleration 


When acceleration of a particle is not constant we take help of differentiation or integration. 


Equations of Differentiation 
ds 


a v=— w(i 
(a) di (i) 
If the motion is taking place along x-axis, then this equation can be written as, 
dx 
yac 
dt 
Here, v is the instantaneous velocity and x, the x co-ordinate at a general time t. 
dv 
b a=— ... (ii 
(b) 3 (ii) 


Here, a is the instantaneous acceleration of the particle. Further, a can also be written as 


dv ds \{ dv dv ds 
g= = =y as ——v 
dt dt )\ ds ds dt 


dv T 
a=v | *) .(ii1) 
Equations of Integration 

(c) J as= [vat (v) 
or s= | vdt (v) 

In the above equations, v should be either constant or function of t 
(d) [av» [aat vi) 
or Ay vy —V; - [aat ...(vii) 


In the above equations a should be either constant or function of time t. 
(e) | vdv= | ads ...(Vill) 


In the above equation a should be either constant or function of s. 


Note (i) To convert s-t equation into v-t equation or v-t equation into a-t equation differentiation will be done. 
s-t2v-ta-t (differentiation) 

(ii) To convert a-t equation into v-t equation or v-t equation into s-t equation, integration equations (with 
some limits) are required. By limit we mean the value of physical quantity which we will get after 
integration should be known at some given time. 
For example, after integrating v (w.r.t time) we will get displacement s. Therefore, to get complete s 
function value of s should be known at some given time. Otherwise constant of integration remains as 
an unknown. 
Thus, a-tov-tos-t (integration with limits) 
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Derivation of Equation of Motion (v =u + at etc.) 


For one dimensional motion with a = constant. 


: d 
We can write, dv — a dt (s ne i, 
Integrating both sides, we have Í dv=a | dt (as a — constant) 


At t — 0, velocity is u and at t = t velocity is v. Hence, 
y t 

| dv=a | dt 
u 0 


[v]; 2 a[t]g or v-u=at 


v=utat Hence proved. 
: ds 
Further, we can write ds — v dt as v = E 
— (u * at) dt (as v 2 u- at) 
At time f — 0 suppose s — 0 and at t = t, displacement is s, then 
Sd E t 4 so 1 2 í 
I, s-| (utat)dt => ~. [slo = Rire d R 
l 2 
or s=ut+ 5 at Hence proved. 
, dv 
We can also write, v:-dv=a-ds Baca 
s 
When s=0, v is u and at s = s, velocity is v. Therefore, 
v S y 2 i s 
Í v:dv-a Í ds or TI Da a [5]o (as a = constant) 
y 2 u? 
—————-as 
2 2 
or v? za? +2as Hence proved. 


© Example 6.16 Displacement-time equation of a particle moving along x-axis is 
x = 20+ t? — 12t (SI units) 
(a) Find, position and velocity of particle at time t = 0. 
(b) State whether the motion is uniformly accelerated or not. 
(c) Find position of particle when velocity of particle is zero. 


Solution (a) x-2204 (0 —12t (i) 
Att=0, x=20+0-0=20m 
Velocity of particle at time t can be obtained by differentiating Eq. (1) w.r.t. time i.e. 
dx 2 = 
yv=— =3t* -12 - (UL 
di (i) 


At t — 0, y-0- 12-2 - 12 m/s 
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(b) Differentiating Eq. (ii) w.r.t. time t, we get the acceleration a= = = 6t 
t 


As acceleration is a function of time, the motion is non-uniformly accelerated. 
(c) Substituting v = Oin Eq. (ii), we have 0= 3¢7 — 12 

Positive value of t comes out to be 2 s from this equation. Substituting ¢ = 2s in 

Eq. (i), we have x-220-(2) —12(2) or x=4m 


© Example 6.17  Velocity-time equation of a particle moving in a straight line is, 
v - (104 2t 4 3t?) (SI units) 
Find 
(a) displacement of particle from the mean position at time t = 15s, if it is given that 
displacement is 20 m at time t = 0. 
(b) acceleration-time equation. 
Solution (a) The given equation can be written as, 


ve S - (10420437) or ds=(10+2t + 3? ) dt 
t 


or ^ ds-[, (10424317 )dt or s-20-[10r« 2 +] 
20 Jo a 0 


or s=20+12=32m 


(b) Acceleration-time equation can be obtained by differentiating the given equation w.r.t. time. 
Thus, a= =" TETE or a=2+6t 
dt dt 


INTRODUCTORY EXERCISE 


1. Velocity (in m/s) of a particle moving along x-axis varies with time as, v =(10 + 5t — t?) 
At time t = 0, x =0. Find 
(a) acceleration of particle att =2 s and 
(b) x-coordinate of particle att 23s 
2. A particle is moving with a velocity ofv = (3 + 6t + 9t?) cm/s. Find out 
(a) the acceleration of the particle att —3 s. 
(b) the displacement of the particle in the interval f 25 s tot 28 s. 
3. The motion of a particle along a straight line is described by the function x = (2t — 3y, where x is 
in metres and t is in seconds. Find 
(a) the position, velocity and acceleration att =2 s. 
(b) the velocity of the particle at origin. 
4. x-coordinate of a particle moving along this axis is x =(2 + f 2t?) Here, x is in metres and f 
in seconds. Find (a) position of particle from where it started its journey, (b) initial velocity of 
particle and (c) acceleration of particle att —2 s. 


5. The velocity of a particle moving in a straight line is directly proportional to 3/4th power of time 
elapsed. How does its displacement and acceleration depend on time? 
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6.8 Motion in Two and Three Dimensions 


The motion ofa particle thrown in a vertical plane at some angle with horizontal (+ 90° )is an example 
of two dimensional motion. Similarly, a circular motion is also an example of 2-D motion. A two 
dimensional motion takes place in a plane. In most of the cases plane of circular motion is horizontal 
or vertical. According to nature of acceleration we can classify this motion in following two types. 


Uniform Acceleration 
Equations of motion for uniformly accelerated motion (a = constant) are as under 
v=utat, 


lo 28 
s-urí-c—at^, 
2 


Vev=ueut+2aes 


Here, u = initial velocity of particle, v = velocity of particle at time ¢ and 
s = displacement of particle in time t 


Note f initial position vector of a particle is ry, then position vector at time t can be written as 


1 
r- f *s-h*ut gat 


Non-Uniform Acceleration 


When acceleration is not constant then we will have to go for differentiation or integration. The 
equations in differentiation are 


i ds dr " dv 
i) V=— or — ii) a = — 
©) dt dt Gn dt 
Here, v and a are instantaneous velocity, acceleration vectors. The equations of integration are 
(iii) f ds = f vat and Gv) Jdv=[ade 


© Extra Points to Remember 
A two or three dimensional motion can also be solved by component method. 
For example, in two dimensional motion (in x-y plane) the motion can be resolved along x and y directions. 
Now, along these two directions we can use sign method, as we used in one-dimensional motion (but 
separately). By separately we mean, when we are looking the motion along x-axis we need not to bother 
about the motion along y-axis. 


© Example 6.18 A particle of mass 1 kg has a velocity of 2 m/s. A constant force 
of 2 N acts on the particle for 1 s in a direction perpendicular to its initial 
velocity. Find the velocity and displacement of the particle at the end of 1 s. 
Solution Force acting on the particle is constant. Hence, acceleration of the particle will also 
remain constant. 
qs E -2m/s? 


m 
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Since, acceleration is constant. We can apply 


v-u- af 

and €——Ó 
2 
Refer Fig. 6.17 (a) v-ucaf 


Here, u and af are two mutually perpendicular vectors. So, 


|v|- (ul)? + qa]? 
-4Qy +2? 


= 242 ms 
o = tan! id = tan! (2) 
|u| 2 
= tan ! (1)= 45° 
at=(2)(1)=2m/s 
iV 
s 
'u-2m/s ut-2m 
(a) 
Fig. 6.17 
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Thus, velocity of the particle at the end of 1s is 24/2 m/s at an angle of 45? with its initial velocity. 


Refer Fig. 6.17 (b), scurszar? 


Here, u / and i at” are also two mutually perpendicular vectors. So, 


Is|= (uc? +q} at?) 


-4Qy « ay 
zs di 


and B = tan~ 


[ut | 


= tan! () 
2 


Thus, displacement of the particle at the end of 1 s is 45 m at an angle of tan ! () from its 


initial velocity. 
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© Example 6.19 Velocity and acceleration of a particle at time t = 0 are 
u =(2i + 3j) m/s and a =(4i + 2j) m/s? respectively. Find the velocity and 
displacement of particle at t — 2 s. 
Solution Here, acceleration a = (4i + 2j) m/s? is constant. 


So, we can apply 


v-uc- aft 
1.2 
and S=utt+ zat 


Substituting the proper values, we get 
v= Qi + 3j) + (2)(4i + 2j) 
= (10i + 7 m/s 
and s = Q) Qi + 39) +5 (2) di +29) 
= (121 + 10j)m 


Therefore, velocity and displacement of particle at t = 2s are (101 + 7j) m/s and (121 + 10j)m 
respectively. 


© Example 6.20 Velocity of a particle in x-y plane at any time t is 
v= (2ti + 3t?]) m/s 
At t = O, particle starts from the co-ordinates (2 m, 4m). Find 
(a) acceleration of the particle at t = 1 s. 
(b) position vector and co-ordinates of the particle at t = 2 s. 


Solution (a) a= ae (2ti + 3t7j) 
dt dt 


= (21 + 6r]) m/s? 
Att=ls, 
a = (2i + 6j) m/s” Ans. 
(b) [457 | var 
or s-[vat- [grise pat 


Im! Qf + 3129) dt 
r,-r;- 
foc Ds ! p 
2 
or sec 7 ro 7 | (241 3073) dt 
0 


Y» sec = TO sec EE (a F fils 
= (21+ 4j)+ (41 + 8)) 
= (6i +12j)m Ans. 
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Therefore, coordinates of the particle at t = 2s are (6 m, 12 m) Ans. 


INTRODUCTORY EXERCISE 


1. Velocity of a particle at time t = 0 is 2 m/s. A constant acceleration of 2 m/s? acts on the particle 


for 2 s at an angle of 60? with its initial velocity. Find the magnitude of velocity and displacement 
of particle at the end oft 22s. 


2. Velocity of a particle at any time t is v =(2 i 2t j) m/s. Find acceleration and displacement of 
particle att = 1s. Can we apply v = u + at or not? 
3. Acceleration of a particle in x-y plane varies with time as 
a =(2ti + 3t?j) m/s? 
At time t =0, velocity of particle is 2 m/s along positive x-direction and particle starts from origin. 
Find velocity and coordinates of particle att = 1s. 


6.9 Graphs 


Before studying graphs of kinematics, let us first discuss some general points : 


(i) Mostly a graph is drawn between two variable quantities (say x and y ). In kinematics, the 
frequently asked graphs are s-t, v-t, a-t or v-s. 


(ii) Equation between x and y will decide the shape of graph whether it is straight line, circle, 
parabola or rectangular hyperbola etc. If the equation is linear, graph is a straight line. If 
equation is quadratic then graph is a parabola. In kinematics, most of the graphs are straight line 
or parabola. 


(iii) By putting x = 0in y-x equation if we get y = 0, then graph passes through origin, otherwise not. 
d 
(iv) Ifz= A then the value of z at any point can be obtained by the slope of the graph at that point. 
x 
For example, 


: : ds 
instantaneous velocity v — p? = slope of s-t graph. 


. r dv 
instantaneous acceleration a = m — slope of v-t graph. 


(v) If dz = y dx. Then, | dz= | yx 


= zor Z; — Z; or Az = area under y-x graph, with projection along x-axis. 
For example, 

ds — vdt 
= Displacement s = | vdt = area under v-t graph with projection along t-axis. 
Further, dv = adt 


=> vy —v; or Av= Í adt = area under a-t graph with projection along t-axis. 


These results have been summarized in following table : 


148 © Mechanics - I 


Table 6.2 
Name of Graph Slope Area 
s-t V No physical quantity 
v-t a S 
a-t Rate of change of acceleration V, — Vj or Av 


For better understanding of three graphs (s-t, v-t and a-t) of kinematics, we have classified the one 
dimensional motion in following four types. 


Uniform Motion 
Equations 


The three equations of uniform motion are as under 
a =0, v = constant and s= vt or S = so + vt 


Important Points 
(i) s-t equation is linear. Therefore, s-t graph is straight line. 


(ii) In s= vt, displacement is measured from the starting point (t = 0). Corresponding to this equation 
s-t graph passes through origin, ass =0 when t =0. In s = sọ + vt, displacement is measured from 
any other point and s, is the initial displacement. 


(iii) Slope of s-t graph = v. Now, since v = constant, therefore slope of s-t graph = constant. 
(iv) Slope of v-t graph = a. Now, since a — 0, therefore slope of v-t graph - 0. 


dlc 


v = constant S= So + vt 
Fig. 6.18 


The Corresponding Graphs 


© Example 6.21 s-t graph of a particle in motion is as shown below. 
S (m) 


Fig. 6.19 


(a) State, whether the given graph represents a uniform motion or not. 
(b) Find velocity of the particle. 
Solution (a) 
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v= slope of s-t graph. Since, the given s-t graph is a straight line and slope of a straight line is always 


constant. Hence, velocity is constant. Therefore, the given graph represents a uniform motion. 
10 
(b) v=slope of s-t graph == D =-2m/s Ans. 


© Example 6.22 A particle is moving along x-axis. Its x-coordinate versus time 
graph is as shown below. 


AX (m) 


10 t (s) 


Fig. 6.20 
Draw some conclusions from the given graph. 
Solution The conclusions drawn from the graph are as under: 


(i) x-t graph is a straight line, slope of which [v= Z) is positive and constant. Therefore, 
t 


velocity is positive and constant. 


(1) v= x — slope of x-t graph 
t 


=+ a +2m/s 
10 
Therefore, velocity is 2 m/s along positive x-direction. 
Gii) Att = 0,x=—20mand at t=10s,x=0 
e— 
x--20m x=0 
t=0 t= 10 sec 
Fig. 6.21 


> +X 


Uniformly Accelerated Motion 


Equations 
a = constant (and positive) 
v=utat or v=at,ifu=0 
1 1 : 
s=ut+ lat? or s- zat? ifu=0 
2 2 
T es 
Or a ae Tc dr if sy #0 


1 ; 
or S= So +5 at if sy #0 but u=0 
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Important Points 
(i) v-t equation is linear. Therefore, v-t graph is a straight line. Further, v = at is a straight line 
passing through origin (as v 2 0 when t 20) 
(ii) All s-t equations are quadratic. Therefore, all s-t graphs should be parabolic. 

(iii) Slope of s-t graph gives the instantaneous velocity. Therefore, initial slope of s-t graph gives 
initial velocity u. In this case, we are considering only accelerated motion (in which speed keeps 
on increasing in positive direction). Therefore, velocity is positive and continuously increasing. 
Hence, slope of s-t graph should be positive and should keep on increasing. 

(iv) Slope of v-t graph gives instantaneous acceleration. Now, acceleration is positive and constant. 
Therefore, slope of v-t graph should be positive and constant. 


Graphs 


v=utat 


c t 
a = constant Slope = a = positive 
and constant 


>t 


tan 0 = initial slope 
- initial velocity u 


Fig. 6.22 


From P to Q slope is increasing (positive at both points). Therefore, velocity is positive and 
increasing. 


Uniformly Retarded Motion (till velocity becomes zero) 


We are considering the case when initial velocity is positive and a constant acceleration acts in 
negative direction (till the velocity becomes zero). 


Equations 
a — constant (and negative) 


y-u-at 


1 
s-ut — — at? 
2 
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Important Points 


(i) In this case, u cannot be zero. Therefore, v-t straight line cannot pass through origin. Further, 
initial slope of s-t parabolic graph cannot be zero. 


(ii) Velocity is positive but keeps on decreasing from uto zero. 


(iii) Slope of v-t graph gives instantaneous acceleration. Acceleration is constant and negative. 
Therefore, slope of v-t graph should be negative and constant. 


(iv) Initial slope of s-t graph will give us initial velocity u. Final slope of s-t graph will give us final 
velocity zero. In between these two times, velocity is positive and decreasing. Therefore, slope 
of s-t graph (= instantaneous velocity) should be positive and decreasing. 


Graphs 


-ve v=0 


a = constant but negative 
Fig. 6.23 


tan 0, = initial slope = u 
From O to P, slope or v is positive but decreasing. 
At P, slope =0, therefore v 20 


Uniformly Retarded and then Accelerated Motion in Opposite Direction 


Ifa particle is projected upwards then first it is retarded in upward (say positive) direction. At highest 
point its velocity becomes zero and finally it is retarded in downward (or negative) direction. 
Throughout the motion, its acceleration is downwards and constant (= acceleration due to gravity). 
Therefore, it is negative and constant. If air resistance is neglected, then speed of the particle at the 
time of projection is equal to speed at the time of striking with the ground. But velocities are in 
opposite directions. So, their signs are different. During retardation, velocity is upwards (therefore 
positive) but decreasing. 


During acceleration, velocity is downwards (therefore negative) and increasing. Upward journey 
time is equal to the downward journey time. Finally, the particle returns to the ground. Therefore final 
displacement is zero. In upward journey, displacement increases (parabolically) in positive direction. 
In downward journey, it decreases. But displacement from the starting point (ground) is still positive. 
Slope of s-t graphs gives the instantaneous velocity. In upward journey, velocity is positive and 
decreasing. Therefore, slope is positive and decreasing. At highest point velocity is zero. Therefore, 
slope is zero. In downward journey, velocity is negative and increasing. Therefore, slope is negative 
and increasing. 
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Graphs 


----4> 


—9.8m/s? 


In the above graphs, 


(i) a 2 —9.8 m/s? if the motion is taking place under gravity. 
(ii) O is the starting point, where 
y =+ u — slope of s-t graph = tan 0, =u 
(iii) A is the highest point, where 
y =0 > slope of s-t graph =0 
(iv) B 1s the point when particle again strikes the ground. At this point, 
v=- u => slope of s-t graph = tan 0, =—u 
At this point, 
s=0 
(v) Upwards journey time fg, = downward journey time t 4g 
(vi) In upward motion (from O to A), velocity is positive and decreasing. Therefore, slope of 
s-t graph is positive and decreasing. 


(vii) In downward motion (from A to B), velocity is negative and increasing. Therefore, slope of 
s-t graph is negative and increasing. 


© Extra Points to Remember 


e Slope of v-t or s-t graph can never be infinite at any point, because infinite slope of v-t graph means infinite 


acceleration. Similarly, infinite slope of s-t graph means infinite velocity. Hence, the following graphs are 
not possible : 


Vv S 


Fig. 6.25 
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© Example 6.23  Acceleration-time graph of a particle moving ina straight line 


is as shown in Fig. 6.28. Velocity of particle at time t 2 0 is 2 m/s. Find the 


velocity at the end of fourth second. 


Solution 
Or 


Hence, 


a (m/s?) 


Fig. 6.28 


[av= [aat 


change in velocity = area under a-t graph 


1 
Vy — Vj zi UD ES 


= 8m/s 


vy =v, +8= (2+ 8) m/s 


=10m/s 
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© Example 6.24 A particle is projected upwards with velocity 40 m/s. Taking 
the value of g =10 m/s? and upward direction as positive, plot a-t, v-t and s-t 


graphs of the particle from the starting point till it further strikes the ground. 
40 


Solution Upward journey time = downward journey time = ‘= T =4s 
S 
-. Total time of journey = 8s 
2 2 
u“ _ (40) _ 80m 


Maximum height attained by the particle 2 — 
2 2x10 


a-tgraph During complete journey a = g = — 10 m/s? 
Corresponding a-t graph is as shown below. 


a(m/s?) 


Fig. 6.29 


v-t graph In upward journey velocity first decreases from + 40 m/s to 0. Then, in downward 
journey it increases from 0 to — 40 m/s. Negative sign just signifies its downward direction. 
Corresponding v-t graph is as shown below. 


v (m/s) 


s-t graph In upward journey displacement first increases from 0 to + 80 m. Then, it decreases 
from + 80 m to 0. Corresponding s-t graph is as shown below. 
s (m) 
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© Example 6.25 A car accelerates from rest at a constant rate a for some time, 
after which it decelerates at a constant rate D, to come to rest. If the total time 
elapsed is t seconds, then evaluate (a) the maximum velocity reached and 
(b) the total distance travelled. 
Solution (a) Let the car accelerates for time f, and decelerates for time ¢,. Then, 


t=t, +t ed) 


and corresponding velocity-time graph will be as shown in Fig. 6.32. 
v 


V max L------ 


O H—,— 9-1— —, — >t 
Ti f; 
Fig. 6.32 
From the graph, 
a = slope of line OA = Vmax or t = Ymax ...(ii) 
A a 
and B=- slope of line AB = max 
E 
v 
or t, =—= ...(iii) 
p 
From Eqs. (i), (ii) and (iii), we get 
V max V max 
HEC qo RE eg 
a B 
+ 
or V max ea =t 
aß 
t 
or Vmax 7 BE Ans. 
ap 


(b) Total distance = total displacement = area under v-t graph 


2 
Or Distance — 1 Spr Ans. 
2(a-4p 


Note This problem can also be solved by using equations of motion (v =u + at etc.). Try it yourself. 
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© Example 6.26 The acceleration versus time graph of a particle moving along a 
straight line is shown in the figure. Draw the respective velocity-time graph. 
Given v -0att-0. 


Fig. 6.33 
Solution From t 20to t= 2s, a= + 2 m/s? 


v-— at —2t 
or v-t graph is a straight line passing through origin 
with slope 2 m/s?. 
At the end of 2 s, 
v=2x2=4m/s 
From t=2to4s,a=0. 


Fig. 6.34 


Hence, v = 4 m/s will remain constant. 
From t = 4 to 6s, a = — 4m/s?. 
Hence, v=u-at=4-4t (with ¢ = Oat 4 s) 
v=Oatt=1s orat 5 s from origin. 


At the end of 6 s (or t = 2s) v = — 4 m/s. Corresponding v-t graph is as shown in Fig. 6.34. 


INTRODUCTORY EXERCISE 


1. Two particles A and B are moving along x-axis. Their x-coordinate versus time graphs are as 
shown below 


x (m) B 


t (s) 


O 4 8 
Fig. 6.35 
(a) Find the time when the particles start their journey and the x-coordinate at that time. 
(b) Find velocities of the two particles. 
(c) When and where the particles strike with each other. 
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2. The velocity of a car as a function of time is shown in Fig. 6.36. Find the distance travelled by the 
car in 8 s and its acceleration. 


v (m/s) 
20 


104- - - 24 
1 
+ 


t t t +> t(s) 
02 4 6 8 10 
Time in second 
Fig. 6.36 
3. Fig. 6.37 shows the graph of velocity versus time for a particle going along the x-axis. Find 
(a) acceleration, (b) the distance travelled in O to 10 s and (c) the displacement in 0 to 10 s. 


v (m/s) 


MN A ®D o 


} } t(s 
0 5 10 FH 
Fig. 6.37 


4. Fig. 6.38 shows the graph of the x-coordinate of a particle going along the x-axis as a function of 
time. Find (a) the average velocity during 0 to 10 s, (b) instantaneous velocity at 2, 5, 8 and 12 s. 


x(m) 
A 


100+ 


507 


5. From the velocity-time plot shown in Fig. 6.39, find the distance travelled by the particle during 
the first 40 s. Also find the average velocity during this period. 


6.10 Relative Motion 


The word ‘relative’ is a very general term, which can be applied to physical, non-physical, scalar or 
vector quantities. For example, my height is 167 cm while my wife’s height is 162 cm. If I ask you 
what is my height relative to my wife, your answer will be 5cm. What you did? You simply 
subtracted my wife’s height from my height. The same concept is applied everywhere, whether it is a 
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relative velocity, relative acceleration or anything else. So, from the above discussion we may now 
conclude that relative velocity of A with respect to B (written as v 45 ) is 
Vap-V4a-VB 
Similarly, relative acceleration of A with respect to B is 
a 4g =5a4 az 
If it is a one dimensional motion we can treat the vectors as scalars just by assigning the positive sign 


to one direction and negative to the other. So, in case of a one dimensional motion the above 
equations can be written as 


Vap—V4—VB 
and a 4p 744 74g 
Further, we can see that 
VaB ——-Vpg4 Of Ags =—A 4p 


© Example 6.27 Anoop is moving due east with a velocity of 1 m/s and Dhyani 
is moving due west with a velocity of 2 m/s. What is the velocity of Anoop with 
respect to Dhyani? 


Solution It is a one dimensional motion. So, let us choose the east direction as positive and the 
west as negative. Now, given that 


v4 = velocity of Anoop = 1l m/s 
and vp = velocity of Dhyani = — 2 m/s 
Thus, vap = velocity of Anoop with respect to Dhyani 
=v4 — Yp =1-(-2)=3 m/s 


Hence, velocity of Anoop with respect to Dhyani is 3 m/s due east. 


© Example 6.28 Car A has an acceleration of 2 mls? due east and car B, 4 m/s? 
due north. What is the acceleration of car B with respect to car A? 


Solution It is a two dimensional motion. Therefore, N 
35, = acceleration of car B with respect to car A 
=ap-a 
ees w E 
Here, a, = acceleration of car B 
=4 ms’ (due north) 
and a , = acceleration of car A S 
= 2 m/s? (due east) Fig. 6.40 
asa i--------4 E 2 
lag, l= 4(4» + QY = 2/5 m/s” m ag - 4 m/s 
ETE -1 | 
and Q&-tan |—/=tan (2) i 
2 ! à 
Thus, ap, is 245 m/s? at an angle of& = tan | (2) from west —a4 = 2 m/s? 


towards north. Fig. 6.41 
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The topic ‘relative motion’ is very useful in two and three dimensional motion. Questions based on 
relative motion are usually of following four types : 

(a) Minimum distance or collision or overtaking problems 

(b) River-boat problems 

(c) Aircraft-wind problems 

(d) Rain problems 


Minimum Distance or Collision or Overtaking Problems 


When two bodies are in motion, the questions like, the minimum distance between them or the time 
when one body overtakes the other can be solved easily by the principle of relative motion. In these 
type of problems, one body is assumed to be at rest and the relative motion of the other body is 
considered. By assuming so, two body problem is converted into one body problem and the solution 
becomes easy. Following example will illustrate the statement: 


© Example 6.29 Car A and car B start moving simultaneously in the same 
direction along the line joining them. Car A moves with a constant acceleration 
a=4 mls? , while car B moves with a constant velocity v = 1 m/s. At time t = 0, 


car A is 10 m behind car B. Find the time when car A overtakes car B. 

Solution Given, u,=0, ug-lm/s, a, = 4 m/s? and ag =0 

Assuming car B to be at rest, we have 
U4g —-u4 —ug =0-1=-1m/s —ve 4— — rve 
ajg 744 —ag =4-0=4 mss” Fig. 6.42 


Now, the problem can be assumed in simplified form as shown below. 


v=1m/s 


At rest 
Fig. 6.43 


Substituting the proper values in equation s = ut + E at’, 


we get 107-15 (4)(t?) 
or 2) —-t-10=0 
1+ /1+ 80 
or t=—_ A 
4 
_ 1481 
© 4 
19 
4 
or t=2.5s and -2s 


Ignoring the negative value, the desired time is 2.5 s. 
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© Example 6.30 Two ships A and B are 10 km apart on a line running south to 
north. Ship A farther north is streaming west at 20 km/h and ship B is 
streaming north at 20 km/h. What is their distance of closest approach and 
how long do they take to reach it? 
Solution Ships A and B are moving with same speed 20 km/h in the directions shown in figure. 
It is a two dimensional, two body problem with zero acceleration. 


AB=10km 


Fig. 6.44 


Let us find vz, . 


YA Vg V4 


Here, Ivg, |= 4 20)? + (20? 
= 2042 km/h 
VB-20km/hg 777wy : VBA = 20V2 km/h 


iv, = 20 km/h 


Fig. 6.45 


le. Vg, 1S 2042 km/h at an angle of 45? from east towards north. Thus, the given problem can be 


simplified as A is at rest and B is moving with vg, in the direction A 
shown in Fig. 6.46. C 
Therefore, the minimum distance between the two is Vas 
Smin = AC = AB sin 45° zt 
1 
= 10) — | km 
s] 
= S/2 km Ans. Fig. 6.46 
and the desired time is 
BC $2 (BC = AC = SV? km) 


= Iu] 20/9 


-ih-ismin Ans. 
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River-Boat Problems 


In river-boat problems, we come across the following three terms : 


B 
I 
I 
i | y 
Vbr i o 
9! | x 
I 
A Vr 
Fig. 6.47 
v, = absolute velocity of river 
V j,. = velocity of boatman with respect to river or velocity of boatman in still water 


and v, = absolute velocity of boatman. 


Here, it is important to note that v,,. is the velocity of boatman with which he steers and v, is the 
actual velocity of boatman relative to ground. 


Further, Vv, =Vp t V, (as Vy, — Vy —V,) 
Now, let us derive some standard results and their special cases. 
A boatman starts from point A on one bank of a river with velocity v,, in the direction shown in 


Fig. 6.47. River is flowing along positive x-direction with velocity v. Width of the river is œ, then 
Vp = V, + Vpr 


Therefore, Vix = Viy + Vp =V, — Vpr Sin O 
and Voy = Viy F Vig 


=0 + v,, cos 0 = v,, cos 8 


Now, time taken by the boatman to cross the river is 
wo 10) 10) 


t=—=———_ o | t= ——— NO 


Vp, Vp, COSO Vp, cos O 


Further, displacement along x-axis when he reaches the other bank (also called drift) is 


X —2 Vy, t= (v, — vy, sin 0) ——— 
Vp, cos 


s (Q) T 
Or X — (v, — Vp, sin 9) — —— ...(ii) 
Vp, cos 0 


Three special cases are: 


(i) Condition when the boatman crosses the river in shortest B 
interval of time From Eq. (i) we can see that time (f) will be 
minimum when @=0°, i.e. the boatman should steer his boat 7E 
perpendicular to the river current. 

(O) 
Also, Í min EDU + Ta 
Fig. 6.48 


as cos 0 =1 
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(ii) Condition when the boatman wants to reach point B, i.e. at a B 
point just opposite from where he started 
In this case, the drift (x) should be zero. 


= 
II 
(a 
f 


, (0) 
or (v, — Yp sin 0) ———— =0 A Z 
Vor cos 0 Fig. 6.49 
or V, — vy, sinO 
. A . -1{ v 
or sin ð = or 0-sin |—— 
Vor Vor 


V. 
Hence, to reach point B the boatman should row at an angle 0 = sin! ta upstream from AB. 
Vor 


Further, since sin 0 $1. 


So, if v, 2v,,, the boatman can never reach at point B. Because if v, = v,,, sin 0 =1 or 8 =90° 
and it is just impossible to reach at B if 0 290?. Moreover, it can be seen that v, =0 if 
v, =v, and 0 =90°. Similarly, if v, >v,,,sin 0 »1, i.e. no such angle exists. Practically, it can 
be realized in this manner that it is not possible to reach at B if river velocity (v, ) is too high. 


© Extra Points to Remember 


e |n a general case, resolve v,, along the river and perpendicular to river as shown below. 


B 
um Vpr Sina Vpr Sina 
l Vor = 
= +e vy, > 
i =P 
AE = + Vpr COS 
Vi VI [04 
V, Vpr COSO eee 
Net velocity of boatman 
Fig. 6.50 
Now, the boatman will cross the river with component of v,, perpendicular to river (= vp, sin win above case) 
t=—® 
Vg, SIN Q 


To cross the river in minimum time, why to take help of component of v,, (which is always less that v, ), the 
complete vector v,, should be kept perpendicular to the river current. Due to the other component 
V, + Vg, cos a, boatman will drift along the river by a distance x = (v, + v, Cosa) (time) 

e Toreach a point B, which is just opposite to the starting point A, net velocity of boatman v, or the vector 
sum of v, and v,, should be along AB. The velocity diagram is as under 


B 
T 
l 


v o! 
S Vp = Vpr + Vp — Along AB 
[ 


Vor ~i 


A 


Fig. 6.51 
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From the diagram we can see that, 


|v,| or vp = vg - v? (i) 


(Q) @ 


drift x = Oand sine =“ or e - sin | d ) 
Vor 
From Eq. (i), we can see that this case is possible if, 
Vor > Vr 
otherwise, v, is either zero or imaginary. 
e If the boatman rows his boat along the river (downstream), then net velocity of boatman will be vp, + v,. 
If he rows along the river upstream then net velocity of boatman will be vp, ~V,- 


© Example 6.31 Width of a river is 30 m, river velocity is 2 m/s and rowing 
velocity is 5 m/s at 37° from the direction of river current (a) find the time taken 
to cross the river, (b) drift of the boatman while reaching the other shore. 


Solution | 5 Varsin 37° = 3 m/s 
| vp, = 5m/s 2x us 
© | + — —-2 m/s 
I > 
137° = 
= > 
v, 7 2mls Vpr COS 37° 
- 4 m/s 
3 m/s 
6 m/s 
Net velocity of boatman 
Fig. 6.52 
(a) Time taken to cross the river, 
@ 30 
t=—=—=10s Ans. 
3. 3 
(b) Drift along the river 
x= (6)(t)=6x 10= 60m Ans. 


© Example 6.32 Width of a river is 30 m, river velocity is 4 m/s and rowing 

velocity of boatman is 5 m/s 

(a) Make the velocity diagram for crossing the river in shortest time. Then, find this 
shortest time, net velocity of boatman and drift along the river. 

(b) Can the boatman reach a point just opposite on the other shore? If yes then make 
the velocity diagram, the direction in which he should row his boat and the time 
taken to cross the river in this case. 

(c) How long will it take him to row 10 m up the stream and then bach to his 
starting point? 
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Solution (a) Shortest time 


^ 
" 


v EUN APERET rd 
br = 5m/s | Vp = Net velocity 
30m ! of boatman 
1 
9 i 
— V, =4 m/s 
Fig. 6.53 


t 6s=t 


min 


5 
lv,| or v, =4(5} + (4 = v41 m/s 


pea” => 6=tan! B 
4 4 


Drift = BC = (4) (t) 
=4x6=24m 


(b) Since, v,, > v,., this case is possible. Velocity diagram is as under. 


Net velocity | vj] or v, = Ny - (4. 23 m/s along AB 


wi e gcush ob dw 
5 5 
pe aT iis Ans 
Vp 


Note Ifthe boatman wants to return to the same point A, then diagram is as under 


Bac 


10 s 
BA 3 3 
(c) 
B A B A 
Vor — Vr Vor+ Vr 
Fig. 6.56 
AB BA 
t=typttp, = RE 
Vor — Vy Vor + V, 
10 10 
or t = —— + ——_ 
5-4 544 
100 
=—s 


Ans. 
Ans. 
Ans 
Ans 
B 
v,=4 m/s! — 
— 
Vb 
Vpr= 5 m/s\ 0 > 
A 
Fig. 6.54 


Fig. 6.55 


Ans. 
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Aircraft Wind Problems 


This is similar to river boat problems. The only difference is that v,,. is replaced by v „„ (velocity of 
aircraft with respect to wind or velocity of aircraft in still air), v , is replaced by v „ (velocity of wind) 
and v, is replaced by v, (absolute velocity of aircraft). Further, v, =V,, + Yp- 
In this case, problem is slightly different. The given variables are 

(i) Complete wind velocity v,, 

(ii) Steering speed or | v,,,.| 

(iii) Starting point (say A) and destination point (say B) 
We have to find direction of v „„ (or steering velocity) and the time taken in moving from A to B. The 
concepts is : net velocity of aircraft v, or vector sum of v,, and v ,,, should be along AB. 
To solve such problems, we can apply the following steps : 

(i) Take starting point A as the origin. 
(ii) Wind velocity vector is completely given. So, draw v, from point A. 
(iii) Draw another vector v, starting from A in a direction from A to B. 


(iv) In above two steps we have already made two sides of a triangle in vector form. Complete the 
third side. This represents v,,,. While completing the triangle for finding direction of v 
polygon law of vector addition is to be followed, so that, 


aw? 


Vy + Vaw = Va 
(v) Applying, sine law in this triangle, we can find direction of v ,,, and the net velocity of aircraft 
v,. Now, 


i AB AB 
time taken, t=——_ or = 
|] Va 


The following example will illustrate the above theory: 


© Example 6.33 An aircraft flies at 400 km/h in still air. A wind of 2004/2 km/h 


is blowing from the south towards north. The pilot wishes to travel from A to a 
point B north east of A. Find the direction he must steer and time of his journey 
if AB = 1000 km. 

Solution Given that v, = 20042 km/h 

Vaw = 400 km/h and v, should be along AB or in 
north-east direction. Thus, the direction of v,,, 
should be such as the resultant of v,, and v,, is 
along AB or in north-east direction. 


C| 
Vw = 200V2 km/h 


Let v,,, makes an angle & with AB as shown in 
Fig. 6.57. Applying sine law in triangle ABC, we Fig. 6.57 
get 

CB AC 


sin 45? sin & 


or sin Q = EJ sin 45? 
CB 
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E 11 


400 ]42 2 
B a = 30? 
Therefore, the pilot should steer in a direction at an angle of (45° + & ) or 75? from north towards east. 
lv. | 400 
Further, — =— 
sin (180° — 45° — 30?) sin 45° 
or |y; je eae) int 
sin 45° 
=| 99915 | any lh 
sin 45? 
E Ern (400) km/h 
0.707 
= 546.47 km/h 


The time of journey from A to B is 
AB 1000 
2-———2 h 
lv,| 546.47 


t=1.83h Ans. 


Rain Problems 
In these type of problems, we again come across three terms v,, V, and v,,, Here, 


v, — velocity of rain 
v,,- velocity of man (it may be velocity of cyclist or velocity of motorist also) 
and — v,,- velocity of rain with respect to man. 


Here, v ,,, is the velocity of rain which appears to the man. 
So, the man should hold his umbrella in the direction of v ,,, or v v ,,, to save him from rain. 


© Example 6.34 A man is walking with 3 m/s, due east . Rain is falling 
vertically downwards with speed 4 m/s. Find the direction in which man 
should hold his umbrella, so that rain does not wet him. 


Solution As we discussed above, he should hold his umbrella in the direction of v,,, 


Or V, — Vin , 
Vertically up 


West East 


v, 7 4 m/s 


Vertically down 
Fig. 6.58 
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OP-v,-«*(-v,)- V,- Vn V 


rm 


> tan 0 = = 
4 
=> 9e t (7-7 
4 
Vertically up 4 3 


West 


* Vertically down 
Fig. 6.59 


Therefore, man should hold his umbrella at an angle of 37? east of vertical (or 37? from vertical 
towards east). 


© Example 6.35 Toa man walking at the rate of 3 km/h the rain appears to 
fall vertically downwards. When he increases his speed to 6 km/h it appears to 
meet him at an angle of 45? with vertical. Find the speed of rain. 


Solution Let i and i be the unit vectors in horizontal and vertical directions respectively. 


Vertical (j) X 
^ 
> Horizontal ( i ) 
Fig. 6.60 
Let velocity of rain v, = ai + bj (1) 
Then, speed of rain will be |v, |» Ja +b? .. (ii) 


In the first case, 
v,,= velocity of man = 3i 
Vim = Vy — Vm =(a- 3)Î + bj 
It seems to be in vertical direction. 
Hence, a-3=0 or a=3 


In the second case, v 


Vim 7 (a - 6) + bja —3i + bj 
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This seems to be at 45? with vertical. Hence, |b|=3 


Therefore, from Eq. (ii) speed of rain is 


lv, |= 4 GY + (33 2 342 km/h Ans. 


INTRODUCTORY EXERCISE 


1. Two particles are moving along x-axis. Their x-coordinate versus time graph are as shown 
below. 


5 t (s) 


Fig. 6.61 


Find velocity of A w.r.t. B. 


2. Two balls A and B are projected vertically upwards with different velocities. What is the relative 
acceleration between them? 

3. A river 400 m wide is flowing at a rate of 2.0 m/s. A boat is sailing at a velocity of 10.0 m/s with 
respect to the water in a direction perpendicular to the river. 

(a) Find the time taken by the boat to reach the opposite bank. 
(b) How far from the point directly opposite to the starting point does the boat reach the 
opposite bank? 

4. An aeroplane has to go from a point A to another point B, 500 km away due 30° east of north. 
Wind is blowing due north at a speed of 20 m/s. The steering-speed of the plane is 150 m/s. (a) 
Find the direction in which the pilot should head the plane to reach the point B. (b) Find the time 
taken by the plane to go from A to B. 

5. A man crosses a river in a boat. If he cross the river in minimum time he takes 10 min with a drift 
120 m. If he crosses the river taking shortest path, he takes 12.5 min, find 
(a) width of the river 
(b) velocity of the boat with respect to water 
(c) speed of the current 

6. Ariver is 20 m wide. River speed is 3 m/s. A boat starts with velocity 2/2 m/s at angle 45? from 
the river current (relative to river) 

(a) Find the time taken by the boat to reach the opposite bank. 
(b) How far from the point directly opposite to the starting point does the boat reach the 
opposite bank? 
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Final Touch Points 


1. If a particle is just dropped from a moving body then just after dropping, velocity of the particle (not 
acceleration) is equal to the velocity of the moving body at that instant. 


For example, if a stone is dropped from a moving train with velocity 20 m/s, then initial velocity of the 
stone is 20 m/s horizontal in the direction of motion of train. But, after dropping it comes under 
gravity. Therefore, its acceleration is g downwards. 


2. If y (may be velocity, acceleration etc.) is a function of time or y = f(t) and we want to find the 
average value of y between a time interval of t; and ty. Then, 
X y >t, totp = average value of ybetween hand t; 


t t 
J, fat J, flat 
= or «y» f — 
pt Y >h tot; mm 
If f(t) is a linear function of t, then Yay = “in 
Here, y; = final value of y and y; = initial value of y 
At the same time, we should not forget that 
total displacement change in velocity 
av = - and a= - 
total time total time 


Example In one dimensional uniformly accelerated motion, find average velocity between a time 
interval fromt = 0 tot =t. 
Solution We can solve this problem by three methods. 


Method 1. v=u+at 
t 


INC + at) dt 
<V >p- = =u+—at 
t-Q 2 
Method 2. Since, v is a linear function of time, we can write 
; 1 
yo THOME uy at 
2 2 2 
UP 
: ut + — at 
Method 3. Vs, = Total displacement a 2 “yrka 
Total time t 2 
3. A particle is thrown upwards with velocity u. Suppose it 9 i u=0 
; ; : ; : last one second 
takes time t to reach its highest point, then distance P 
travelled in last second is independent of u. | : 
This is because this distance is equal to the distance Lo Ó 
travelled in first second of a freely falling object. Thus, > 


1 2 1 
s-—gx(lf =—x10x1=5m 
2 g x(1) 5 u 
Exercise: A particle is thrown upwards with velocity 


u(>20m/s). Prove that distance travelled in last 
2 s is 20 m. 


4. Angle between velocity vector v and acceleration vector a decides whether the speed of particle is 
increasing, decreasing or constant. 
Speed increases, if 0° <9 < 90? 
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Speed decreases, if 90? «0 <180° 
Speed is constant, if 9 = 90? a 
The angle 0 between v anda can be obtained by the relation, 
8=cos | (x 6 
va 


Exercise: Prove that speed of a particle increases if dot product of v anda is positive, speed 
decreases, if the dot product is negative and speed remains constant if dot product is zero. 


5. The magnitude of instantaneous velocity is called the instantaneous speed, i.e. 


dr 

v= |v|=|— 

at 
] dr . dr 
Speed is not equal to —, i.e. V x — 
B qua 1o dt 


where, ris the modulus of radius vector r because in general |dr| + dr. For example, whenr changes 
only in direction, i.e. if a point moves in a circle, then r = constant, dr = O but | dr |+ 0. 

6. Suppose C is a vector sum of two vectors A and B and the direction of C is given to us (along PQ), 
then A + B should be along PQ or sum of components of A and B perpendicular to line PQ should be 
zero. 

For instance, in example 6.33, v, has to be along AB and we know that v,=V,, + Vy. Therefore, 
sum of components of Vaw and v, perpendicular to line AB (shown as dotted) should be zero. 


+E 
or |Vaw | Sina 2|v,,| sin 45° 
or sina = Iul sin 45? 
Vaw 
_ (200 V2 ( 1 ) E 
400 JA42; 2 
. a = 30? 
Now, [va] 2| v4] cos a + | v,,| cos 45° 
1 
- (400) cos 30° + (20042 (=) 
(400) ( ) 5 
= (400) S + 200 = 346.47 + 200 
=546.47 km/h 
- Time of journey from A to B will be 
po. oe =1.83 h. 


[va] 546.47 . 
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T. From the given s-t graph, we can find sign of velocity and acceleration. 
For example, in the given graph slope at t, and t; both are positive. Therefore, v, and v, are 
positive. Further, slope at t; » Slope at t,. Therefore v;, > v... Hence acceleration of the particle is 


also positive. s 


1 
i} 
i 
: : t 
[e ty t; á 


Exercise: /n the given s-t graph, find signs of v and a. 
S 


IN 
Ans. Negative, positive 


8. Shortest path in river boat problems 
Path length travelled by the boatman when he reaches the opposite shore is 
s= Jo? + x? 


Here, = width of river is constant. So, for sto be minimum modulus of x (drift) should be minimum. 
Now, two cases are possible. 


eg 
É 
Lll 


When v, <v,,: In this case x 20, when 0 = sin" a 


Vpr 

or Sj 70 at 0-sin" ta 
Vpr 
. T dx 
When v, > v, : In this case x is minimum, where P 0 
or 2 = (v, — vg, sin0); 20 
dO |vy, cos 0 
or —vy, cos? 0 - (v, - v, sin) (- sin@) =O 
or -vp + V, Sin8 2 0 or 0 - sin"! Cs) 
V. 


Now, at this angle we can find x44, and then Snin which comes out to be 


v niil Vor 
Smi -o -] at 0 sin | ) 
i Vpr V. 


Solved Examples 


TYPED PROBLEMS 


Type 1. Collision of two particles or overtaking of one particle by the other particle 


Concept 


(i) If two particles start from the same point and they collide, then their displacements are 
same or 
Sı 2 83 
If they start from different points, then 
S; £ S, 
Gi) If they start their journeys simultaneously, then their time of journeys are same or 
t, =t,=t (say) 
otherwise their time of journeys are different 
t # ty 


How to Solve? (In 1-D motion) 


* Take one direction as positive and the other as negative. 
* Without considering, the given directions of their initial velocities and accelerations assume that both 
particles are moving along positive direction. 


S2 
© @ Q Q 8 
IUD. ee : 
dj $4 id 
Assume this At the time of collision/overtaking 


From the second figure, we can see that particle-1 (which is behind the particle-2) will collide (or overtake) 
particle-2 if it travels an extra distance d; (= initial distance between them) or 


S;=S_) +d; (i) 
If motion is uniformly accelerated, then forS we can write 


S =ut piar 
2 


Now, u and a are vector quantities so, in Eq. (i) we will substitute them with sign. 


By putting proper values in Eq. (i) we can find their time of collision. Same method can be applied in vertical 
motion also. 


Note Iftwo trains of length, and ;cross each other or overtake each other (moving on two parallel tracks). Then, 
the equation will be, 
S =S, + (4 + Lb) 
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© Example 1 Two particles are moving along x-axis. Particle-1 starts from 
x =-10 m with velocity 4 m/s along negative x-direction and acceleration 2 m/s? 
along positive x-direction. Particle-2 starts from x =+2 m with velocity 6 m/s 
along positive x-direction and acceleration 2 m/s? along negative x-direction. 
(a) Find the time when they collide. 
(b) Find the x-coordinate where they collide. Both start simultaneously. 


Solution (a) 2 2 
2 m/s 2 m/s 
4 m/s «—(1)— <(2)> 6 mis. Ju 


i 
x = 10m x=0 x=+2m 


Given values 


> > 
Q , (2) -ve 
10m x=0 2m 
12m 
Assume this 


Particle-1 is behind the particle-2 at a REE of 12 m. So particle-1 will collide particle-2, if 
S,=S,+12 > « ujt4 : at’ = ust + — as? +12 


But now we will substitute the values of u;, uy, a, and as with sign 


(-4)t 4 ; eme = ere T 2)? +12 


Solving this equation, we get positive value of time, 
t=6s Ans. 
(b) At the time of collision, S, = ut 4 ; a,t? = (-4) (6) 4 ; (+2) 6)? 212m 


At the time of collision, x-coordinate of particle - 1: 
x, = (Initial x-coordinate of particle-1) + S, 


=-104+12=+2m 
Since, they collide at the same point. Hence, 
X= %, =+2m Ans. 


Note This was also the starting x-coordinate of particle-2. 
Exercise: Find their velocities at the time of collision. 
Ans. v 2 4 8 m/s, vu 2 - 6 m/s 


Type 2. 7o find minimum distance between two particles moving in a straight line 


Concept 
If two particles are moving along positive directions as = => 
shown in figure. ( í ) Q FUN 
From the general experience, we can understand that K H 


distance between them will increase if v,» v, and 
distance between them will decrease if v, > Up. 


Therefore, in most of the cases at minimum distance, v, = v 


174 e Mechanics - I 


How to Solve? 
e By putting, v4 = vs or, 
U, + at =U, + art (ifa = constant) 
find the time when they are closest to each other. 


* |n this time, particle-1 should travel some extra distance and whatever is the extra displacement (of 
particle-1), that will be subtracted from the initial distance between them to get the minimum distance. 


Amin =) — AS -2d;- (S; -$5) 


1 . NAP 
For S, we can useut + a at? if acceleration is constant. 


Note IfS, 2S, then dmin = d; 


© Example 2 Two particles are moving along x-axis. Particle-1 is 40 m behind 
particle-2. Particle-1 starts with velocity 12 m/s and acceleration 4 m/s? both in 
positive x-direction. Particle-2 starts with velocity 4 m/s and acceleration 12 m/s” 
also in positive x-direction. Find 
(a) the time when distance between them is minimum. 
(b) the minimum distance between them. 


Solution 12 mis, 4 m/s? 4 m/s, 12 m/s? 


Ox @> we 


> 


40m 


(a) As discussed above, distance between them is minimum, when 
U = V2 
or Ui + Qt = us + ast 
Substituting the values with sign we have, 
(+12) + (4)t = (+4) + (12) t 


rs i-1s Ans. 
(b) In 1 sec 
1 
Sı =u,t+ 2 at’ 
1 2 
SUD KEX) =14m 
1 
and Sy = us + 5 at” 


=4x145x12x (0 


=10m 
Extra displacement of particle-1 with respect to 2 is 
AS =S, -S,=14-10=4m 
Minimum distance between them 
=d,-AS=40-4 
=36m Ans. 
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Type 3. 7o find trajectory of a particle 


In this type, a particle will be moving in x-y plane. Its x and y co-ordinates as function of 
time will be given in the question and we have to find trajectory (or x-y relation) of the 
particle. 


How to Solve? 


* From the given x and y co-ordinates (as function of time) just eliminate t and find x-y relation. This is a 
general method which can be applied anywhere in whole physics. 


© Example 3 A particle is moving in x-y plane with its x and y co-ordinates 
varying with time as, x = 2t and y - 10t — 16 2”. Find trajectory of the particle. 
Solution Given, x —- 2t 


x 
=> t=— 

2 
Now, y=10t-16¢? 


Substituting value of ¢ in this equation we have, 


or y=5x- Ax? 
This is the required equation of trajectory of the particle. This is a quadratic equation. Hence, 
the path of the particle is a parabola. 


Type 4. Two dimensional motion by component method. 


Concept 


There are two methods of solving a two (or three) dimensional motion problems. In the first 
method, we use proper vector method. For example, we will use, 


v-ucaíetc.ifa- constant and, v = s etc. if a # constant 


In the second method, we find the components of all vector quantities along x, y and 
z-directions. Then, deal different axis separately as one dimension by assigning proper 
signs to all vector quantities. While dealing x-direction, we don't have to bother about y and 
z-directions. 


© Example 4 A particle is moving in x-y plane. Its initial velocity and acceleration 
are u — (4i + 8j) m/s and a =(2i - 4j) m/s’. Find 
(a) the time when the particle will cross the x-axis. 
(b) x-coordinate of particle at this instant. 
(c) velocity of the particle at this instant. 
Initial coordinates of particle are (4m,10m). 
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Solution 8 m/s 


iere 4 m/s, 2 m/s? 


> » X 


O 4m 


Particle starts from point P. Components of its initial velocity and acceleration are as shown in 
figure. 


(a) At the time of crossing the x-axis, its y-coordinate should be zero or its y-displacement 
(w.r.t initial point P) is -10 m. 


Using the equation, 


MZ 
Il 


1 2 

c EcL 
1 2 
cu uu 


Solving this equation, we get positive value of time, 
t=5s 
(b) x-coordinate of particle at time t : 
x = initial x-coordinate + displacement along x-axis or x 2 x; + s, (at time t) 


l.. 2 
FREUE ak 


Substituting the proper values, we have, 
x=44+ (4x5) + 2 x2x 8) - 49m Ans. 
(c) Since, given acceleration is constant, so we can use, 
v=u+at 
v- (4i - 8j) * @i-4)) 6) 
= (14i - 125) m/s 


Type 5. 7o convert given v-t graph into s-t graph (For a = 0 or a = constant) 


Concept 


(1) If we integrate velocity, we get displacement. Therefore, the method discussed in this 
type is a general method, which can be applied in all those problems where we get the 
result after integration. 


For example 
v-t —> s-t 
a-t —— v-t 
P-t —— F-t 


Here, P = linear momentum and F is force (F = Z or dP = Fat). 
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Gi) For zero or constant acceleration, we can classify the motion into six types. 
Corresponding v-t and s-t graphs are as shown below. 
v 


U^ 


Gii) The explanation of these six motions is as under 


Motion type About the motion oy, Dun E graph 
A Accelerated in positive direction positive and increasing 
U Uniform in positive direction positive and constant 
R Retarded in positive direction positive and decreasing 
A! Accelerated in negative direction negative and increasing 
y? Uniform in negative direction negative and constant 
R^ Retarded in negative direction negative and decreasing 


(iv) In A,U and R motions, velocity is positive (above t-axis). Therefore, body is moving 
along positive direction. In A ! ,U ! and R^! motions, velocity is negative (below t-axis). 
Therefore, body is moving along negative direction. 


How to Solve? 
e Mark A, U, R, A, U^! or R^! in the given v-t graph for different time intervals. 


* Calculate area (= displacement) under v-t graph for different time intervals. 
e Plot s-t graph according to their shape of A, U, R etc. motions. 
* Keep on adding area for further displacements. 


© Example 5  Velocity-time graph of a particle moving along x-axis is as shown 
below. 


At time t= 0, x-coordinate of the particle is x 2 10 m. 

(a) Plot x-coordinate versus time graph. 

(b) Find average velocity and average speed of the particle during the complete journey. 
(c) Find average acceleration of the particle between the time interval from t= 2 s to t= 8s. 
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Solution (a) Let us first mark A,U, R etc. in the given v-t diagram and calculate their area 
(= displacement) in different time intervals. 


Time Interval f Area or Final x-coordinate at the end of 
displacement intervals x = x, + s 
0-2s + 4m 10+ 4=14m 
2s-4s +4m 144+ 4218m 
4s-8s -16m 18-16=2m 
8s-12s -32m 2 — 32 =- 30m 
12s- 16s — 16m -30-16=-46m 


Corresponding x-t graph is as shown below. 


© Exercise: Find the time t, when x-coordinate of the particle is zero. 
Ans 8.25s 
(b) Total displacement = 4+ 4 — 16 - 32 - 16 =- 56 m 
This is also equal to x, — x, = -46 - 10 = -56 m 
Total distance 2 4 + 4 + 16 + 32 + 16 = 72m 
Total time = 16 s 


, total diaplacement 
Now, average velocity — ud 


total time 


=-—=-3.5miss Ans. 
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total distance 
average speed = ——_ 


total time 
= 12 =4.5 m/s 
16 


; A 
(c) Average acceleration = 2 


Type 6. General method of conversion of graph 


Concept 


Ans. 


Ans. 


(1) In some cases, one graph can be converted into the other graph just by finding slope of 
the given graph. But this method is helpful when different segments of the given graph 


are straight lines. 
For example, 
(a) Given s-t graph can be converted into the v-t graph from the slope of s-t graph as 


v= gs — slope of s-t graph 
dt 
(b) Given v-t graph can be converted into the a-t graph from the slope of v-t graph, as 


dv 
a = — =slope of v-t graph 
di p grap 


(ii) In few cases, we have to convert given y-x graph into z-x graph. For example, suppose we 


have to convert v-s graph into a-s graph. 


In such cases, first you make v-s equation (if it is straight line graph) from the given 


v-s graph. Then, with the help of this v-s equation and some standard equations 


(like a= vm) make a-s equation and now draw a-s graph corresponding to 
S 


a-s equation. 


this 


© Example 6 A particle is moving along x-axis. Its x-coordinate versus time graph 


is as shown below. 


t(s) 


Plot v-t graph corresponding to this. 
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Solution v- S = slope of x-t graph. Slope for different time intervals is given in following 


table. 
Time interval Slope of x-t graph (= v) 
0-4s 0 
4s—10s -2 m/s 
10s-14s +2 m/s 


v-t graph corresponding to this table is as shown below 


A V(m/s) 
ee po cd 
i} 
] 1 
(0) 1 ui [Hs > t(s) 
! 1 
[ 
keresa LLL 


6 Example 7 Corresponding to given v-s graph of a particle moving in a straight 
line, plot a-s graph. 


Vv 


S 


Solution The given v-s graph is a straight line with positive slope (say m) and positive 
intercept (say c ). Therefore, v-s equation is 


v=ms+c 
dv 
> — =m 
ds 
Now, Gaines: c) (m) 
ds 


a 2 m?s 4 mc 
a-s equation is a linear equation. Therefore, a-s graph is also a straight line with positive slope 
(= m?) and positive intercept (= mo). a-s graph is as shown below. 
a 


>S 
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Type 7. Based on difference between distance and displacement 


Concept 
There is no direct formula for calculation of distance. In the formula, 


— 
2 


s = displacement, not the distance 


So, you will have to convert the given distance into proper displacement and then apply the 
above equation. 


© Example 8 A particle is moving along x-axis. At time t = 0, its x-coordinate is 
x = —4 m. Its velocity-time equation is v = 8 — 2t where, v is in m/s and t in seconds. 
(a) At how many times, particle is at a distance of 8 m from the origin? 
(b) Find those times. 
Solution (a) Comparing the given v-t equation with v= u + at. We have, 
u =8 m/s and 
a = —2 m/s? = constant 
Now, motion of the particle is as shown below. 


! 8m 8m Í 
MM ac 

i} I 

i} I 

! 2 m/s2 ! 

l 8 m/s ' 
-8m -4m x=0 +8 m 

[ =0 Ia 

! e > ] ev-0 


Now, 8 m distance from origin will be at two coordinates x 2 8 m and x = -8 m. From the 
diagram, we can see that particle will cross these two points three times, t,, t and t. 
(b) t, and t, : At x = 8 m, displacement from the starting point is 
$-x;—-x;-8-(-4-12m 


1 y ; 1 
Substituting in s= ut + ^ at?, we have 


12-8t-zx2x( 


Solving this equation, we get 
smaller time t, 22s Ans. 
and larger time t 2 6s Ans. 
t, : At x = —8m, displacement from the starting point is 


S=x, —% =-8-(-4)=-4m 


"E 1 
Substituting in s= ut + 5 at?, we have —-4=8t — 5 x2x« 0? 


Solving this equation, we get the positive time, 
ty =8.478s Ans. 


Miscellaneous Examples 


© Example 9 A rocket is fired vertically upwards with a net acceleration of 4 m/s? 


and initial velocity zero. After 5 s its fuel is finished and it decelerates with g. At 
the highest point its velocity becomes zero. Then, it accelerates downwards with 
acceleration g and return back to ground. Plot velocity-time and 
displacement-time graphs for the complete journey. Take g =10 m/s”. 
Solution In the graphs, 

v4 = atoa = (4) (6) =20 m/s 


E toap = (6+2)8S=78 
Now, Soag = area under v-t graph between 0 to 7s 
=3 (7) 20) = 70m 


v (m/s) s(m)A 
70 
50 
20 
o o E > t (s) 
Furth Isoanl=|Secl=5 gti 
urther, SoaB! =! Sgcl = 9 &'pc 


70 = 5 (10) tc 


tac = v14 = 9A S 
B toagc = 14 8.1 2107s 
Also, sọ4 = area under v-t graph between OA 


=5 6) 0)-50 m 


6 Example 10 An open lift is moving upwards with velocity 10 m/s. It has an 
upward acceleration of 2 m/s?. A ball is projected upwards with velocity 20 m/s 
relative to ground. Find 
(a) time when ball again meets the lift 
(b) displacement of lift and ball at that instant. 

(c) distance travelled by the ball upto that instant. 
Take g=10 m/s? 
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Solution (a) At the time when ball again meets the lift, 
SL = 8g 
1 i 1 ; 
10¢#+—x2xt=20t-—x10t 
2 2 
Solving this equation, we get 


t=0 and py 
3 


- Ball will again meet the lift after - s. 


(b) At this instant sz; = sg — 10x + ; x 2x (s Z1 m-19.4m 


5) _ 17% 
3 


(c) For the ball u is antiparallel to a. Therefore, we will first find tọ, the time when its 


velocity becomes zero. 


u| 20_ 


=—=28 
10 


ty = 
a 


As t E J < ty, distance and displacement are equal 


or d=194m 


© Example 11 A particle starts with an initial velocity and passes successively 
over the two halves of a given distance with constant accelerations a, and a, 
respectively. Show that the final velocity is the same as if the whole distance is 


: . . (a, +a) 
covered with a uniform acceleration ——~- . 
Solution , , 
1 2 u v 
> > 2 > 2s, 91 * ae mn 
G $4 © S,4 © [.- 2 oe 
First case Second case 
In the first case, 
v =u’ + 2a4s 
vs = UF + 2a,5 


In the second case, 


nG) 
sc 


... (il) 


... (v) 


Hence proved. 
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© Example 12 Ina car race, car A takes a time t less than car B at the finish and 
passes the finishing point with speed v more than that of the car B. Assuming 
that both the cars start from rest and travel with constant acceleration a, and as 
respectively. Show that v = aa. t. 
Solution Let A takes t4, second, then according to the given problem B will take (4 + t) 


seconds. Further, let v, be the velocity of B at finishing point, then velocity of A will be (v, + v). 
Writing equations of motion for A and B. 


Uu + v= t ©) 
and, u = a(t + t) ... (Q1) 
From these two equations, we get 

v = (a, — dg) tj — as ... (il) 


Total distance travelled by both the cars is equal. 
or S4 = Sp 
or 5 aqt = 5 as (t ety 
LL yast 
Jar ~ Jae 
Substituting this value of t, in Eq. (iii), we get the desired result 


v= (Jaag) t 


© Example 13 An open elevator is ascending with constant speed v = 10 m/s. A 
ball is thrown vertically up by a boy on the lift when he is at a height h =10 m 
from the ground. The velocity of projection is v = 30 m/s with respect to elevator. 
Find 
(a) the maximum height attained by the ball. 

(b) the time taken by the ball to meet the elevator again. 
(c) time taken by the ball to reach the ground after crossing the elevator. 
Solution (a) Absolute velocity of ball 2 40 m/s (upwards) 


or t 


i hmas = h; + hy 
Here, h; = initial height = 10 m 
and h; = further height attained by ball 
E ao” =80m 
2g 2x10 
Amax = (10 + 80)m=90m Ans. 


(b) The ball will meet the elevator again when displacement of lift = displacement of ball 


or 10xt-40xt- zx10xf or t=6s Ans. 
(c) Let t, be the total time taken by the ball to reach the ground. Then, 
= 10 =40 x ty 5x 10x t 


Solving this equation we get, to =8.24 s 
Therefore, time taken by the ball to reach the ground after crossing the elevator, 
= (tg — t)= 2.24 s 
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© Example 14 From an elevated point A, a stone is projected vertically 
upwards. When the stone reaches a distance h below A, its velocity is double 
of what it was at a height h above A. Show that the greatest height attained 


. 5 
by the stone is 3 h. 


Solution Let u be the velocity with which the stone is projected vertically upwards. 


Given that, U 4 =2U, 
or (v. 4)? 2 4v? 
u? -2g (- h) - 4 (u? -2gh) 
u? — 10gh 
3 
u? 5h 
Now, h nax = — =— Hence proved. 
2g 3 


© Example 15 Velocity of a particle moving in a straight line varies with its 
displacement as v = (44 + 4s) m/s. Displacement of particle at time t 20 is s =0. 


Find displacement of particle at time t — 2 s. 
Solution Squaring the given equation, we get 
v! 244 4s 
Now, comparing it with v? = u? + 2as, we get 
u=2 m/s and a-2m/s? 


. Displacement att=2s is 


sc ute zar or s- 68) += 00 or s-8m Ans. 


6 Example 16 Figure shows a rod of length l resting on a wall and the floor. Its 
lower end A is pulled towards left with a constant velocity v. Find the velocity of 
the other end B downward when the rod makes an angle 9 with the horizontal. 


Solution In such type of problems, when velocity of one part of a body is given and that of 
other is required, we first find the relation between the two displacements, then differentiate 
them with respect to time. Here, if the distance from the corner to the point A is x and that up 
to B is y. Then, 


and Ug 2——- (— sign denotes that y is decreasing) 


Further, xb. yz 
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Differentiating with respect to time t 


jg 895 19, 8 c 
dt dt 
XU = yUg 
vy = ~v=veotd Ans. 
y 


© Example 17 A particle is moving in a straight line with constant acceleration. 
If x, y and z be the distances described by a particle during the pth, qth and rth 
second respectively, prove that 


(q- r)x*(r- py*(p-q)z-0 


Solution As $ -u- at acus Qt 1) 
x=u+—(@p-1) (i) 
a T 
=u =I) ...(i) 
z-u 2 @r-1) Gii) 
, zs " a y-z 
Subtracting Eq. (iii) from Eq. (ii), y-z- D 2q-2r) or q-r= 
or (q-r)x= t (yx — zx) ...(v) 
a 
Similarly, we can show that 
1 
(r-py-- (zy — xy) sat) 
and (p-qQz= T (xz — yz) . (vi) 
a 


Adding Eqs. (iv), (v) and (vi), we get (q— r)x (r - py + (p^ q)z=0 


6 Example 18 Three particles A, B and C are situated at the vertices of an 
equilateral triangle ABC of side d at time t = 0. Each of the particles moves with 
constant speed v. A always has its velocity along AB, B along BC and C along 
CA. At what time will the particles meet each other? 
Solution Velocity of A is v along AB. Velocity of B is along BC. Its 


component along BA is v cos 60? =v/2. Thus, the separation AB A 
decreases at the rate 
me vU 3v 
2 2 v y 
Since, this rate is constant, the time taken in reducing the 
separation AB from d to zero is 
d | 2d A 
= Ans. 5i v C 


T Qu) 3v 
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© Example 19 An elevator car whose floor to ceiling distance is equal to 2.7 m 
starts ascending with constant acceleration 1.2 m/s”. 2 s after the start, a bolt 
begins falling from the ceiling of the car. Find 
(a) the time after which bolt hits the floor of the elevator. 

(b) the net displacement and distance travelled by the bolt, with respect to earth. 
(Take g= 9.8 m/s”) 
Solution (a) If we consider elevator at rest, then relative acceleration of the bolt is 
a, =9.8+ 1.2 
=11 mk? (downwards) 
After 2 s, velocity of lift is v = at = (1.2) (2) = 2.4 m/s. Therefore, initial velocity of the bolt is 
also 2.4 m/s and it gets accelerated with relative acceleration 11 m/s”. With respect to 


elevator initial velocity of bolt is zero and it has to travel 2.7 m with 11 m/s”. Thus, time 
taken can be directly given as 


=0.7s. Ans. 
(b) Displacement of bolt relative to ground in 0.7 s. 


1 2 
s=ut+—at 
2 


or s= (2.4)(0.7) + - C 9.8)(0. 7)? 


s=-0.72m Ans. 
Velocity of bolt will become zero after a time 


ty =— (v=u— gt) 


Therefore, distance travelled by the bolt = s, + s = ; H 3 g(t iy 
8 
2 
20-9 419.8 (0.7— 0.245) 
2x9.8 2 


=1.3m Ans. 
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© Example 20 A man wants to reach point B on the opposite bank of a river 
flowing at a speed as shown in figure. What minimum speed relative to water 


should the man have so that he can reach point B? In which direction should he 
swim? 


Resultant of v and u should be along AB. Components of v, (absolute velocity of boatman) along 


xand y-directions are, 


U,-u-vsinO 


and vy =v cos 0 
vy 
Further, tan 45° 2 — 
Uy 
v cos 0 
or pa eee. 
u-—vsin0 
u 


v = ———— 
sin 0 + cos 0 


u 
2 sin @ + 45?) 
vis minimum at, 0 + 45? 2 90? 
or 0 =45° Ans. 
and at Ans. 


UV... =—= 
min NI 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions Choose the correct option. 
(a) Ifboth Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) Ifboth Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: Velocity and acceleration of a particle are given as, 

v=i-j and a-- 2i * 2j 

This is a two dimensional motion with constant acceleration. 
Reason: Velocity and acceleration are two constant vectors. 

2. Assertion : Displacement-time graph is a parabola corresponding to straight line velocity- 
time graph. 


Reason : If v= u + at then s- ut ^ z a 


3. Assertion: In v-t graph shown in figure, average velocity in time interval v 
from 0 to tọ depends only on vo. It is independent of tọ. 


Reason : In the given time interval average velocity is > 


4. Assertion : We know the relation a= v. oa Therefore, if velocity of a particle is zero, then 
S 


acceleration 1s also zero. 
Reason : In the above equation, a is the instantaneous acceleration. 


5. Assertion : Speed of a particle may decrease, even if acceleration is increasing. 
Reason: This will happen if acceleration is positive. 


6. Assertion : Starting from rest with zero acceleration if acceleration of particle increases at a 
constant rate of 2 ms ? then velocity should increase at constant rate of 1 ms ?. 


Reason: For the given condition. 


da _ 9 ms ^? 
dt 
a -— 2t 


7. Assertion: Average velocity can't be zero in case of uniform acceleration. 
Reason: For average velocity to be zero, a non zero velocity should not remain constant. 
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8. Assertion : In displacement-time graph of a particle as shown in figure, velocity of particle 
changes its direction at point A. 
of 


S 


0 i 


Reason : Sign of slope of s-t graph decides the direction of velocity. 


9. Assertion : Displacement-time equation of two particles moving in a straight line are, 
s, = 2t — 4t? and s, = — 2t + 4t”. Relative velocity between the two will go on increasing. 
Reason : If velocity and acceleration are of same sign then speed will increase. 

10. Assertion : Acceleration of a moving particle can change its direction without any change in 
direction of velocity. 
Reason : If the direction of change in velocity vector changes, the direction of acceleration 
vector also changes. 

11. Assertion : A body is dropped from height h and another body is thrown vertically upwards 
with a speed ygh. They meet at height //2. 
Reason : The time taken by both the blocks in reaching the height //21s same. 

12. Assertion : Two bodies of unequal masses m, and m, are dropped from the same height. If the 


resistance offered by air to the motion of both bodies is the same, the bodies will reach the earth 
at the same time. 


Reason : For equal air resistance, acceleration of fall of masses m, and m. will be different. 


Objective Questions 
Single Correct Option 


1. A stone is released from a rising balloon accelerating upward with acceleration a. The 
acceleration of the stone just after the release is 
(a) a upward (b) g downward 
(c) (g — a) downward (d) (g + a) downward 


2. A ball is thrown vertically upwards from the ground. If T, and T, are the respective time taken 
in going up and coming down, and the air resistance 1s not ignored, then 


(a) T; > T; (b) T; - T; 
(c) Tj; « T; (d) nothing can be said 
3. The length of a seconds hand in watch is 1 cm. The change in velocity of its tip in 15 s is 
T 
a) zero — cm/s 
(a) (b) 3048 
(c) Š cm/s (d) 2 cm/s 


4. When a ball is thrown up vertically with velocity vo, it reaches a maximum height of h. If one 
wishes to triple the maximum height then the ball should be thrown with velocity 


(a) 48 w (b) 3; () 9 v% (d) - " 


10. 


11. 


12. 


13. 
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. During the first 18 min of a 60 min trip, a car has an average speed of 11 ms !. What should be 


the average speed for remaining 42 min so that car is having an average speed of 21 ms ! for the 
entire trip? 
(a) 25.3 ms! (b) 29.2 ms! 
(c) 31 ms"! (d) 35.6 ms! 
3 


. A particle moves along a straight line. Its position at any instant is given by x = 32t — — where 


xis in metres and tin seconds. Find the acceleration of the particle at the instant when particle 
is at rest. 

(a) -16ms” (b) -32 ms? 

(c) 32 ms? (d) 16 ms? 


. The acceleration of a particle is increasing linearly with time £ as bt. The particle starts from the 


origin with an initial velocity uj. The distance travelled by the particle in time ¢ will be 
(a) vot + 5 bt? (b) vot + ; bt? 


© vtt 5 ot (d vott : bt? 


. Water drops fall at regular intervals from a tap 5 m above the ground. The third drop is leaving 


the tap, the instant the first drop touches the ground. How far above the ground is the second 
drop at that instant. (g= 10 ms ?) 
(a) 1.25 m (b) 2.50m (c) 3.75 m (d) 4.00 m 


. A stone is dropped from the top of a tower and one second later, a second stone is thrown 


vertically downward with a velocity 20 ms !. The second stone will overtake the first after 
travelling a distance of (g = 10 ms ?) 

(a) 13m (b) 15m 

(c) 11.25 m (d) 19.5 m 

A particle moves in the x-y plane with velocity v, = 8t — 2 and v, = 2. If it passes through the 
point x= 14 and y= 4at t= 2 s, the equation of the path is 

(a) x-5^-y«2 (b x-5*-2 

(o) x= y?4 y-6 (d) None of these 

The horizontal and vertical displacements of a particle moving along a curved line are given by 
x- 5t and y= 2t? + t. Time after which its velocity vector makes an angle of 45° with the 
horizontal is 

(a) 0.5 s (b) 1s (c) 2s (d) 1.5s 

A ball is released from the top of a tower of height h metre. It takes T second to reach the 
ground. What is the position of the ball in 7/3 second? 


(a) = metre from the ground (b) (7h/9) metre from the ground 
(c) (8h/9) metre from the ground (d) (17A/18) metre from the ground 


An ant is at a corner of a cubical room of side a. The ant can move with a constant speed u. The 
minimum time taken to reach the farthest corner of the cube is 


a o) 84 
u u 


© ee à) 62 * Da 


u 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


A lift starts from rest. Its acceleration is plotted against time. When it comes to rest its height 
above its starting point is 


(a) 20m (b) 64m 


(c) 32m 


(d) 36 m 


A hift performs the first part of its ascent with uniform acceleration a and the remaining with 


uniform retardation 2a. If tis the time of ascent, find the depth of the shaft. 
2 2 2 2 
at 


at at at 
(a) x (b) r3 (c) 2 (d) 3 


Two objects are moving along the same straight line. They cross a point A with an acceleration 
a, 2a and velocity 2u, u at time t = 0. The distance moved by the object when one overtakes the 
other is 

6u? 2u’ 
(a) — (b) — 


a a 


2 2 
pa Ta 

a a 
A cart is moving horizontally along a straight line with constant speed 30 ms™. A particle is to 
be fired vertically upwards from the moving cart in such a way that it returns to the cart at the 
same point from where it was projected after the cart has moved 80 m. At what speed (relative 
to the cart) must the projectile be fired? (Take g = 10 ms ?) 
(a) 10 ms! (b) 10/8 ms? 


(c) — ms! (d) None of these 


The figure shows velocity—time graph of a particle moving along a 
straight line. Identify the correct statement. 


v (m/s) 


(a) The particle starts from the origin 
(b) The particle crosses it initial position at t = 2 s 


(c) The average speed of the particle in the time interval, 0 < t € 2sis 
Zero 


(d) All of the above 


A ball is thrown vertically upwards from the ground and a student gazing out of the window 
sees it moving upward past him at 10 ms !. The window is at 15 m above the ground level. The 
velocity of ball 3 s after it was projected from the ground is [Take g = 10 ms ?] 

(b) 20 ms !, up 

(d) 10ms *, down 


(a) 10 m/s, up 

(c) 20 ms !, down 
A body starts moving with a velocity v, = 10 ms’. It experiences a retardation equal to 0.2v”. Its 
velocity after 2s 1s given by 
(a) -2ms'! 

(c) -2ms^ 


(b) +4ms7? 
(d) + 6ms^ 


21. 


22. 


23. 


24. 


25. 


26. 


27. 
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l on the same track in 


Two trains are moving with velocities vj = 10 ms! and v, = 20 ms” 
opposite directions. After the application of brakes if their retarding rates are a, = 2 ms ? and 
do -1 ms ? respectively, then the minimum distance of separation between the trains to avoid 


collision is 
(a) 150m (b) 225 m 
(c) 450 m (d) 300 m 
Two identical balls are shot upward one after another at an interval of 2s along the same 
vertical line with same initial velocity of 40 ms !. The height at which the balls collide is 
(a) 50m (b) 75 m 
(c) 100 m (d) 125 m 
A particle is projected vertically upwards and reaches the maximum height H in time T. The 
height of the particle at any time t (< T) will be 
(a) g(t- T) QUIE Dr 
1 
© ;8€-TY O H-z;g(T-0 


2 2 
; : : ; t 
A particle moves along the curve y = a . Here x varies with time as x = ui Where x and y are 


measured in metres and £ in seconds. At £ = 2 s, the velocity of the particle (in ms !) is 
(a) 4i 4 6j (b) 2i + 4j 

(c) 4i + 2j (d) 4i 4j 

If the displacement of a particle varies with time as Vx = t+ 3 


(a) velocity of the particle is inversely proportional to £ 
(b) velocity of particle varies linearly with t£ 

(c) velocity of particle is proportional to Vt 

(d) initial velocity of the particle is zero 


The graph describes an airplane's acceleration during its take-off run. The airplane's velocity 
when it lifts off at t= 20 s is 


a (ms?) li 
5 
3 
: 10 20, (s) 
(a) 40 ms (b) 50 ms 
(c) 90 ms! (d) 180 ms! 


A particle moving in a straight line has velocity-displacement equation as v = 5,/1+ s. Here vis 


in ms! and sin metres. Select the correct alternative. 

(a) Particle 1s initially at rest 

(b) Initially velocity of the particle is 5 m/s and the particle has a constant acceleration of 
12.5 ms ? 

(c) Particle moves with a uniform velocity 

(d) None of the above 
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28. 


29. 


30. 


A particle is thrown upwards from ground. It experiences a constant resistance force which can 
produce a retardation of 2 ms ?. The ratio of time of ascent to time of descent is (g=10 ms ?) 


| 2 
(a) 1:1 (b) AE 

2 3 
(c) 3 (d) E 


A body of mass 10 kg is being acted upon by a force 3t? and an opposing constant force of 32 N. 
The initial speed is 10 ms‘. The velocity of body after 5 s is 

(a) 14.5 ms! (b) 6.5 ms! 

(c) 3.5 ms"! (d) 4.5 ms! 

A stone is thrown vertically upwards. When stone is at a height half of its maximum height, its 
speed is 10 ms !; then the maximum height attained by the stone is (g = 10 ms”) 

(a) 25 m (b) 10m 

(c) 15m (d) 20m 


Subjective Questions 


1. 


dv 


d|v| 


(a) What does and represent? (b) Can these be equal? 


. The coordinates of a particle moving in x-y plane at any time t are (2 t, t”). Find (a) the trajectory 


of the particle, (b) velocity of particle at time £ and (c) acceleration of particle at any time t. 


. A farmer has to go 500 m due north, 400 m due east and 200 m due south to reach his field. If he 


takes 20 min to reach the field. 

(a) What distance he has to walk to reach the field ? 

(b) What is the displacement from his house to the field ? 
(c) What is the average speed of farmer during the walk ? 
(d) What is the average velocity of farmer during the walk ? 


. A rocket is fired vertically up from the ground with a resultant vertical acceleration of 10 m/s?. 


The fuel is finished in 1 min and it continues to move up.(a) What is the maximum height 
reached? (b) After how much time from then will the maximum height be reached? 
(Take g = 10 m/s?) 


. A particle is projected upwards from the roof of a tower 60 m high with velocity 20 m/s. Find 


(a) the average speed and 
(b) average velocity of the particle upto an instant when it strikes the ground. Take g = 10 m/s?. 


. A block moves in a straight line with velocity v for time tọ. Then, its velocity becomes 2v for next 


tọ time. Finally, its velocity becomes 3v for time T. If average velocity during the complete 
journey was 2.5 v, then find T in terms of tọ. 


. A particle starting from rest has a constant acceleration of 4 m/s? for 4 s. It then retards 


uniformly for next 8 s and comes to rest. Find during the motion of particle (a) average 
acceleration (b) average speed and (c) average velocity. 


. A particle moves in a circle of radius R = — m with constant speed 1m/s. Find, 


(a) magnitude of average velocity and (b) magnitude of average acceleration in 2 s. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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. Two particles A and B start moving simultaneously along the line joining them in the same 


direction with acceleration of 1 m/s? and 2 m/s? and speeds 3 m/s and 1 m/s respectively. 
Initially, Ais 10 m behind B. What is the minimum distance between them? 


Two diamonds begin a free fall from rest from the same height, 1.0 s apart. How long after the 
first diamond begins to fall will the two diamonds be 10 m apart? Take g= 10 m/s’. 


Two bodies are projected vertically upwards from one point with the same initial velocity up. 
The second body is projected tọ s after the first. How long after will the bodies meet? 


Displacement-time graph of a particle moving in a straight line is as shown in figure. 
SA c 


(a) Find the sign of velocity in regions oa,ab, bc and cd. 
(b) Find the sign of acceleration in the above region. 


Velocity-time graph of a particle moving in a straight line is shown in figure. In the time 
interval from t= 0 to t= 14s, find 


v (m/s) A 


(a) average velocity and 
(b) average speed of the particle. 


A person walks up a stalled 15 m long escalator in 90 s. When standing on the same escalator, 
now moving, the person is carried up in 60 s. How much time would it take that person to walk 
up the moving escalator? Does the answer depend on the length of the escalator? 


Figure shows the displacement-time graph of a particle moving in a straight line. Find the 
signs of velocity and acceleration of particle at time t = t, and t= t. 
S 


t 
t b 


Velocity of a particle moving along positive x-direction is v = (40 — 10t) m/s. Here, tis in seconds. 
At time t = 0, the x coordinate of particle is zero. Find the time when the particle is at a distance 
of 60 m from origin. 
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17. Velocity-time graph of a particle moving in a straight line is shown in figure. Plot the 
corresponding displacement-time graph of the particle if at time £ = 0, displacement s = 0. 


v (m/s) 


18. Acceleration-time graph of a particle moving in a straight line is as shown in figure. At time 
t = 0, velocity of the particle is zero. Find 


a (m/s?) A 
20 


10 


—10 


(a) average acceleration in a time interval from t=6s tot =12s, 
(b) velocity of the particle at t = 14 s. 


19. A particle is moving in x-y plane. At time t= 0, particle is at (1m, 2m) and has velocity 
(4î + ep m/s. At t = 4s, particle reaches at (6m, 4m) and has velocity (21 + 10 j) m/s. In the given 
time interval, find 
(a) average velocity, 

(b) average acceleration and 
(c) from the given data, can you find average speed? 


20. A stone is dropped from the top of a tower. When it crosses a point 5 m below the top, another 
stone is let fall from a point 25 m below the top. Both stones reach the bottom of the tower 
simultaneously. Find the height of the tower. Take g= 10 m/s’. 


21. A point mass starts moving in a straight line with constant acceleration. After time tọ the 
acceleration changes its sign, remaining the same in magnitude. Determine the time T' from the 
beginning of motion in which the point mass returns to the initial position. 

22. A football is kicked vertically upward from the ground and a student gazing out of the window 
sees it moving upwards past her at 5.00 m/s. The window is 15.0 m above the ground. Air 
resistance may be ignored. Take g = 10 m/s’. 


(a) How high does the football go above ground? 
(b) How much time does it take to go from the ground to its highest point? 


23. A car moving with constant acceleration covered the distance between two points 60.0 m apart 
in 6.00 s. Its speed as it passes the second point was 15.0 m/s. 
(a) What is the speed at the first point? 
(b) What is the acceleration? 
(c) At what prior distance from the first was the car at rest? 
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24. A particle moves along the x-direction with constant acceleration. The displacement, measured 
from a convenient position, is 2 m at time £ = 0 and is zero when t= 10 s. If the velocity of the 
particle is momentary zero when £ = 6 s, determine the acceleration a and the velocity v when 
t — 10s. 

25. At time t= 0,a particle is at (2m, 4m). It starts moving towards positive x-axis with constant 
acceleration 2 m/s? (initial velocity = 0). After 2 s, an additional acceleration of 4 m/s? starts 
acting on the particle in negative y-direction also. Find after next 2 s. 

(a) velocity and (b) coordinates of particle. 

26. A particle starts from the origin at t = 0 with a velocity of 8.0j m/s and moves in the x-y plane 
with a constant acceleration of (4.0i + 2.0 j) m/s”. At the instant the particle's x-coordinate is 
29 m, what are 
(a) its y-coordinate and (b) its speed ? 

27. The velocity of a particle moving in a straight line is decreasing at the rate of 3 m/s per metre of 


displacement at an instant when the velocity is 10 m/s. Determine the acceleration of the 
particle at this instant. 


28. A particle moves along a horizontal path, such that its velocity is given by v = (3t? — 6t) m/s, 
where £ is the time in seconds. If it is initially located at the origin O, determine the distance 
travelled by the particle in time interval from t = Oto t = 3.5 sand the particle's average velocity 
and average speed during the same time interval. 


29. A particle travels in a straight line, such that for a short time 2 s< t € 6 sits motion is described 
by v=(4/a) m/s, where a is in m/s”. If v - 6 m/s when t=2 s, determine the particle's 
acceleration when t= 3 s. 

30. If the velocity v of a particle moving along a straight line decreases linearly with its 
displacement from 20 m/s to a value approaching zero at s = 30 m, determine the acceleration of 
the particle when s = 15 m. 


31. Velocity-time graph of a particle moving in a straight line is shown in figure. At time 
t= 0, s =- 10 m. Plot corresponding a-t and s-t graphs. 


v (m/s) 


32. Velocity-time graph of a particle moving in a straight line is shown in figure. At time t= 0, 
s = 20 m. Plot a-t and s-t graphs of the particle. 


v (m/s) 
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33. A particle of mass m is released from a certain height h with zero initial velocity. It strikes the 
ground elastically (direction of its velocity is reversed but magnitude remains the same). Plot 
the graph between its kinetic energy and time till it returns to its initial position. 


34. A ball is dropped from a height of 80 m on a floor. At each collision, the ball loses half of its 
speed. Plot the speed-time graph and velocity-time graph of its motion till two collisions with 
the floor. [Take g= 10 m/s?] 


35. Figure shows the acceleration-time graph of a particle moving along a straight line. After what 
time the particle acquires its initial velocity? 


a (m/s?) 


36. Velocity-time graph of a particle moving in a straight line is shown in figure. At time t= 0, 
displacement of the particle from mean position is 10 m. Find 


(a) acceleration of particle at t 218,3 s and 9 s. 
(b) position of particle from mean position at t = 10 s. 
(c) write down s-t equation for time interval 
G) O<t<2s, Gi) 4s<t <8s 


37. Two particles 1 and 2 are thrown in the directions shown in figure simultaneously with 
velocities 5 m/s and 20 m/s. Initially, particle 1 is at height 20 m from the ground. Taking 
upwards as the positive direction, find 


20m f ave 
| 20 m/s 


(a) acceleration of 1 with respect to 2 
(b) initial velocity of 2 with respect to 1 


(c) velocity of 1 with respect to 2 after time t = : S 


(d) time when the particles will collide. 
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38. A ball is thrown vertically upward from the 12 m level with an initial velocity of 18 m/s. At the 
same instant an open platform elevator passes the 5 m level, moving upward with a constant 
velocity of 2 m/s. Determine (g = 9.8 m/s”) 

(a) when and where the ball will meet the elevator, 
(b) the relative velocity of the ball with respect to the elevator when the ball hits the elevator. 


39. An automobile and a truck start from rest at the same instant, with the automobile initially at 
some distance behind the truck. The truck has a constant acceleration of 2.2 m/s? and the 
automobile has an acceleration of 3.5 m/s?. The automobile overtakes the truck when it (truck) 
has moved 60 m. 

(a) How much time does it take the automobile to overtake the truck ? 
(b) How far was the automobile behind the truck initially ? 
(c) What is the speed of each during overtaking ? 


40. Given | v,,| = 4 m/s = magnitude of velocity of boatman with respect to river, v,= 2 m/s in the 
direction shown. Boatman wants to reach from point A to point B. At what angle0 should he row 
his boat? 

B 


A 


41. An aeroplane has to go from a point P to another point Q, 1000 km away due north. Wind is 
blowing due east at a speed of 200 km/h. The air speed of plane is 500 km/h. 
(a) Find the direction in which the pilot should head the plane to reach the point Q. 
(b) Find the time taken by the plane to go from P to Q. 


42. A train stopping at two stations 4 km apart takes 4 min on the journey from one of the station to 
the other. Assuming that it first accelerates with a uniform acceleration x and then that of 


uniform retardation y, prove that E + SN 2: 
x y 


LEVEL 2 


Objective Questions 
Single Correct Option 


1. When a man moves down the inclined plane with a constant speed 5 ms ‘which makes an angle 
of 37? with the horizontal, he finds that the rain is falling vertically downward. When he moves 
up the same inclined plane with the same speed, he finds that the rain makes an angle 


ez e with the horizontal. The speed of the rain 1s 


(a) J116 ms! (b) 432 ms? 
(c) 5 ms! (d) V73 ms! 
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2. Equation of motion of a body is “ = — 4v + 8, where vis the velocity in ms‘ and tis the time in 


second. Initial velocity of the particle was zero. Then, 

(a) the initial rate of change of acceleration of the particle is 8 ms? 
(b) the terminal speed is 2 ms! 

(c) Both (a) and (b) are correct 

(d) Both (a) and (b) are wrong 


. Two particles A and Bare placed in gravity free space at (0, 0, 0) m and (30, 0, 0) m respectively. 
Particle A is projected with a velocity (5i + 10j+ 5k) ms |, while particle Bis projected with a 
velocity (10 Î + 5j + 5k) ms! simultaneously. Then, 

(a) they will collide at (10, 20, 10) m 

(b) they will collide at (10, 10, 10) m 

(c) they will never collide 

(d) they will collide at 2 s 


. Velocity of the river with respect to ground is given by vy. Width of the river is d. A swimmer 
swims (with respect to water) perpendicular to the current with acceleration a = 2t (where t is 
time) starting from rest from the origin O at £ 2 0. The equation of trajectory of the path 
followed by the swimmer is 


Y 
— Vo 
d 

0 >X 
p E 
BEST Y (b) x2 
Wy 30$ 2u? 
x 


() y» (d) y= jZ 
Uo Uo 


. The relation between time t and displacement x is t = ax” + fix, wherea and are constants. The 
retardation 1s 

(a) 2a (b) 2 Bu" 

(c) 2 av" (d) 2 p??? 

. A street car moves rectilinearly from station A to the next station B (from rest to rest) with an 
acceleration varying according to the law f = a — bx, where a and b are constants and x is the 
distance from station A. The distance between the two stations and the maximum velocity are 


2a a b a 

(a) vp (b) e ds 
a b va 

= z= — d — L— ENIM 

(c) x gp mex Ja (d) x 2: Umax b 


.A particle of mass m moves on positive x-axis under the influence of force acting towards the 
origin given by — kx” i. If the particle starts from rest at x = a, the speed it will attain when it 


crosses the origin is 


(a) E M Eus Quy m (d) None of these 
ma 2k 


ma 


10. 


11. 


12. 


13. 


14. 


15. 


. A particle is moving along a straight line whose velocity-displacement 
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graph is as shown in the figure. What is the magnitude of acceleration 
when displacement is 3 m ? 


(a) 443 ms? (b) 343 ms? 
3 4 ms? 
(c) V3 ms (d) J8 ms = 


. A particle is falling freely under gravity. In first t second it covers distance x, and in the next 


t second, it covers distance xs, then tis given by 


(a) X27 % (b) Xo + 4 (c) pe (d) 2 (x2 T A) 
V g Y g & Y E 
B 


A rod ABis shown in figure. End A of the rod is fixed on the 
ground. Block is moving with velocity 2 ms ! towards right. 
The velocity of end B of rod at the instant shown in figure 1s 
(a) 43 ms! (b) 2ms^! A 
(c) 243 ms? (d) 4ms^! í 


A thief in a stolen car passes through a police check post at his top speed of 90 kmh™. A 
motorcycle cop, reacting after 2 s, accelerates from rest at 5 ms™”. His top speed being 
108 kmh”. Find the maximum separation between policemen and thief. 


(a) 112.5 m (b) 115m (c) 116.5 m (d) None of these 


-v-2ms^ 


Anoop (A) hits a ball along the ground with a speed u in a direction which makes an angle 30? 
with the line joining him and the fielder Babul (B). Babul runs to intercept the ball with a speed 


— At what angle 0 should he run to intercept the ball ? 


A B 
30° R 
u 
2ul3 
(a) Ed (b) sin [2 (c) sin [2 (d) sin [| 


A car is travelling on a straight road. The maximum velocity the car can attain is 24 ms !. The 


maximum acceleration and deceleration it can attain are 1 ms ? and 4 ms ? respectively. The 
shortest time the car takes from rest to rest in a distance of 200 m is, 
(a) 22.4 s (b) 30s (c) 11.25 (d) 5.6s 


A car is travelling on a road. The maximum velocity the car can attain is 24 ms”! and the 
maximum deceleration is 4 ms ?. If car starts from rest and comes to rest after travelling 
1032 m in the shortest time of 56 s, the maximum acceleration that the car can attain is 

(a) 6ms” (b) 1.2 ms? 

(c) 12 ms? (d) 3.6 ms? 


Two particles are moving along two long straight lines, in the same plane with same speed 
equal to 20 cm/s. The angle between the two lines is 60? and their intersection point is O. At a 
certain moment, the two particles are located at distances 3m and 4m from O and are moving 
towards O. Subsequently, the shortest distance between them will be 

(a) 50 cm (b) 40/2 cm 

(c) 5042 cm (d) 5043 cm 
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More than One Correct Options 


1. A particle having a velocity v = v, at t= 0 is decelerated at the rate | a|= avv, where o is a 
2 Ji, 
o 


(b) The particle will come to rest at infinity 


positive constant. 


(a) The particle comes to rest at t = 


(c) The distance travelled by the particle before coming to rest is 


(d) The distance travelled by the particle before coming to rest is 


2. At time t = 0, a car moving along a straight line has a velocity of 16 ms !. It slows down with an 
acceleration of — 0.5 t ms ?, where t is in second. Mark the correct statement (s). 
(a) The direction of velocity changes att 28s 
(b) The distance travelled in 4 s is approximately 58.67 m 
(c) The distance travelled by the particle in 10 s 1s 94 m 
(d) The speed of particle at t=10sis 9 ms! 


3. An object moves with constant acceleration a. Which of the following expressions are also 


constant ? 

@ Sr (b) E 

o 2€5 a da 
dt dt 


4. Ship Ais located 4 km north and 3 km east of ship B. Ship A has a velocity of 20 kmh™ towards 
the south and ship Bis moving at 40 kmh in a direction 37? north of east. X and Y -axes are 
along east and north directions, respectively 
(a) Velocity of A relative to Bis (- 32i — 44 j) km/h 


(b) Position of A relative to B as a function of time is given by rag- [8 —32t)i + (4 -442)j] km 
(c) Velocity of A relative to Bis (32i — 44j) km/h 
(d) Position of A relative to B as a function of time is given by (32 ti —44 tj) km 


5. Starting from rest a particle is first accelerated for time t, with constant acceleration a, and 
then stops in time t, with constant retardation as. Let v, be the average velocity in this case and 
s; the total displacement. In the second case it is accelerating for the same time f, with constant 
acceleration 2a, and come to rest with constant retardation a, in time t. If v; is the average 
velocity in this case and s; the total displacement, then 
(a) v922u (b) 2u, < v4 <4u, 
(c) $5228 (d) 25, < S < 4s, 

6. A particle is moving along a straight line. The displacement of the particle becomes zero in a 
certain time (t> 0). The particle does not undergo any collision. 
(a) The acceleration of the particle may be zero always 
(b) The acceleration of the particle may be uniform 
(c) The velocity of the particle must be zero at some instant 
(d) The acceleration of the particle must change its direction 


10. 


11. 
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. A particle is resting over a smooth horizontal floor. At t = 0, a horizontal force starts acting on it. 


Magnitude of the force increases with time according to law F - at, where © is a positive 
constant. From figure, which of the following statements are correct ? 
Y, 
2 


O >X 


(a) Curve 1 can be the plot of acceleration against time 
(b) Curve 2 can be the plot of velocity against time 

(c) Curve 2 can be the plot of velocity against acceleration 
(d) Curve 1 can be the plot of displacement against time 


. A train starts from rest at S = 0 and is subjected to an acceleration as shown in figure. Then, 


a (ms?) 


6 


» S (m) 


30 


(a) velocity at the end of 10 m displacement is 20 ms! 
(b) velocity of the train at S 2 10 m is 10 ms! 
(c) The maximum velocity attained by train is V180 ms! 


(d) The maximum velocity attained by the train is 15 ms ! 


. For a moving particle, which of the following options may be correct? 


(a) | Vayl < v, (b) | Vay 1 > Vay (c) V,, =Obutv,, #0 (d) V,, #0 but v, =0 
Here, V,, is average velocity and v,, the average speed. 


Identify the correct graph representing the motion of a particle along a straight line with 
constant acceleration with zero initial velocity. 


V, V, X, X 
(a) 4 (b) í (c) á (d) i 
t t t t 
0 0 0 0 


A man who can swim at a velocity v relative to water wants to cross a river of width b, flowing 
with a speed u. 


(a) The minimum time in which he can cross the river is — 
U 


: : X b : 
(b) He can reach a point exactly opposite on the bank in time t = <a; ifu>u 


(c) He cannot reach the point exactly opposite on the bank if u > v 
(d) He cannot reach the point exactly opposite on the bank if v> u 
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12. 


13. 


The figure shows the velocity (v) of a particle plotted against time (t). 


(a) The particle changes its direction of motion at some point 
(b) The acceleration of the particle remains constant 

(c) The displacement of the particle is zero 

(d) The initial and final speeds of the particle are the same 


The speed of a train increases at a constant rate a from zero to v and then remains constant for 
an interval and finally decreases to zero at a constant rate D. The total distance travelled by the 
train is l. The time taken to complete the journey is t. Then, 


oY) = g2( 1-41 

(a) t= OB e etsi 

(riesdnigumiehonpe | BP einen | P 
(o. — p) (o. +B) 


14. A particle moves in x-y plane and at time t is at the point (t°, f? — 21), then which of the following 


15. 


is/are correct? 
(a) At t =0, particle is moving parallel to y-axis 


(b) At t — 0, direction of velocity and acceleration are perpendicular 
2 TW i ; 
(c) Att — fe particle is moving parallel to x-axis 


(d) At t =0, particle is at rest 


A car is moving with uniform acceleration along a straight line between two stops X and Y. Its 
speed at X and Y are 2 ms ! and 14 ms !, Then 


(a) its speed at mid-point of XY is 10 ms"! 

(b) its speed at a point A such that XA: AY =1:3is 5ms ! 

(c) the time to go from X to the mid-point of XY is double of that to go from mid-point to Y 

(d) the distance travelled in first half of the total time is half of the distance travelled in the 
second half of the time 


Comprehension Based Questions 
Passage 1 (Q.Nos. 1 to 4) 


An elevator without a ceiling is ascending up with an acceleration of 5 ms ?. A boy on the elevator 
shoots a ball in vertical upward direction from a height of 2 m above the floor of elevator. At this 
instant the elevator is moving up with a velocity of 10 ms! and floor of the elevator is at a height 
of 50 m from the ground. The initial speed of the ball is 15 ms ! with respect to the elevator. 


Consider the duration for which the ball strikes the floor of elevator in answering following 
questions. (g = 10 ms ?) 


. The time in which the ball strikes the floor of elevator is given by 


(a) 2.18 s (b) 2.0s (c) 1.0s (d) 3.12 s 


. The maximum height reached by ball, as measured from the ground would be 


(a) 73.65 m (b) 116.25 m (c) 82.56 m (d) 63.25 m 


. Displacement of ball with respect to ground during its flight would be 


(a) 16.25 m (b) 8.76 m (c) 20.24 m (d) 30.56 m 


. The maximum separation between the floor of elevator and the ball during its flight would be 


(a) 12m (b) 15m (c) 9.5 m (d) 7.5 m 
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Passage 2 (Q.Nos. 5 to 7) 


A situation is shown in which two objects A and B start their 4 
motion from same point in same direction. The graph of their 
velocities against time is drawn. u4 and ug are the initial 
velocities of A and B respectively. T is the time at which their 
velocities become equal after start of motion. You cannot use the 
data of one question while solving another question of the same UA 
set. So all the questions are independent of each other. 


Velocity of A 7" 


Up 


Velocity of B 


i t 
5. Ifthe value of T is 4s, then the time after which A will meet Bis T > 
(a) 12s (b) 6s 
(c) 8s (d) data insufficient 


6. Let v4 and vg be the velocities of the particles A and Brespectively at the moment A and B meet 
after start of the motion. If u4 = 5 ms ! and ug = 15 ms !, then the magnitude of the difference 
of velocities v4 and ug is 
(a) 5ms* (b) 10 ms! 

(c) 15 ms? (d) data insufficient 

7. After 10 s of the start of motion of both objects A and B, find the value of velocity of A if 
u, =6ms™, ug - 12 ms ! and at T velocity of Ais 8 ms ! and T = 4s 
(a) 12 ms™ (b) 10 ms™ 
(c) 15ms 4 (d) None of these 


Match the Columns 


1. Match the following two columns : 


Column I Column II 
a 
(a) = (p) speed must be increasing 
a 
(b) ES (q) speed must be decreasing 
s 
(c) 4 i (r) speed may be increasing 
s 
(d) am (s) speed may be decreasing 
2. Match the following two columns : 
ColumnI Column II 
(a) v= -8i, a=- 4j (p) speed increasing 
(b v=2i,a=2i+2j (q) speed decreasing 
(c) v= -2i,2 =+ 2i (r) speed constant 


(d v= 2i,a - -2i + 2j (s) Nothing can be said 
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3. The velocity-time graph of a particle moving along X-axis is shown in figure. Match the entries 
of Column I with the entries of Column II. 


Column I Column II 


(a) For AB, particle is (p) Moving in +ve X-direction with increasing speed 
(b) For BC, particle is (q) Moving in +ve X-direction with decreasing speed 
(c For CD, particle is (r) Moving in -ve X-direction with increasing speed 
(d) For DE, particle is (s) Moving in -ve X-direction with decreasing speed 


4. Corresponding to velocity-time graph in one dimensional motion of a particle as shown in 
figure, match the following two columns. 


— 10 


Column I Column II 


(a) Average velocity between zero second and 4 s | (p) 10 SI units 
(b) Average acceleration between 1 s and 4s (q) 2.5 SI units 
(c) Average speed between zero seccond and 6s | (r) 5SI units 


(d) Rate of change of speed at 4 s (s) None of the above 


5. A particle is moving along x-axis. Its x-coordinate varies with time as: 
x=-20+ 5¢” 


For the given equation match the following two columns : 
Column I Column II 


(a) Particle will cross the origin at (p) zero second 
(b) At what time velocity and acceleration are equal | (q) 1s 


(c) At what time particle changes its direction of (r) 2s 
motion 


(d) At what time velocity is zero (s None of the above 
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6. x and y-coordinates of a particle moving in x -y plane are, 


x=1-2t+ tand y -4-4t« t? 
For the given situation match the following two columns : 


Column I Column II 


(a) y-component of velocity when it crosses the y-axis | (p +2SI unit 


(b) «component of velocity when it crosses the x-axis | (q) —2SI units 


(c) Initial velocity of particle (vr) +4SI units 


(d) Initial acceleration of particle (s) None of the above 


Subjective Questions 


1. 


To test the quality of a tennis ball, you drop 1t onto the floor from a height of 4.00 m. It rebounds 
to a height of 2.00 m. If the ball is in contact with the floor for 12.0 ms, what is its average 
acceleration during that contact? Take g= 98 m/s”. 


. The acceleration-displacement graph of a particle moving in a straight line 1s as shown in 


figure, initial velocity of particle is zero. Find the velocity of the particle when displacement of 
the particle is s = 12 m. 


. At the initial moment three points A, B and C are on a horizontal straight line at equal 


distances from one another. Point A begins to move vertically upward with a constant velocity v 
and point C vertically downward without any initial velocity but with a constant acceleration a. 
How should point B move vertically for all the three points to be constantly on one straight line. 
The points begin to move simultaneously. 


. À particle moves in a straight line with constant acceleration a. The displacements of particle 


from origin in times £j, t and t are s,,8, and s, respectively. If times are in AP with common 


Qs, - +83)? 
d? 


difference d and displacements are in GP, then prove that a = 


. Acar is to be hoisted by elevator to the fourth floor of a parking garage, which is 14 m above the 


ground. If the elevator can have maximum acceleration of 0.2 m/s? and maximum deceleration 
of 0.1 m/s?and can reach a maximum speed of 2.5 m/s, determine the shortest time to make the 
hift, starting from rest and ending at rest. 


. To stop a car, first you require a certain reaction time to begin braking; then the car slows under 


the constant braking deceleration. Suppose that the total distance moved by your car during 
these two phases is 56.7 m when its initial speed is 80.5 km/h and 24.4 m when its initial speed 
1s 48.3 km/h. What are 

(a) your reaction time and 

(b) the magnitude of the deceleration? 
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7. An elevator without a ceiling is ascending with a constant speed of 10 m/s. A boy on the elevator 


10. 


11. 


12. 


shoots a ball directly upward, from a height of 2.0 m above the elevator floor. At this time the 
elevator floor is 28 m above the ground. The initial speed of the ball with respect to the elevator 
is 20 m/s. (Take g = 9.8 m/s”) 

(a) What maximum height above the ground does the ball reach? 

(b) How long does the ball take to return to the elevator floor? 


. A particle moves along a straight line and its velocity depends on time as v = 3t — t?. Here, vis in 


m/s and ¢ in second. Find 
(a) average velocity and 
(b) average speed for first five seconds. 


. The acceleration of particle varies with time as shown. 


a (m/s?) 4 


> t(s) 


-2 


(a) Find an expression for velocity in terms of t. 
(b) Calculate the displacement of the particle in the interval from t =2stot=4s. 
Assume that v=0 at t — 0. 


A man wishes to cross a river of width 120 m by a motorboat. His rowing speed in still water is 

3 m/s and his maximum walking speed 1s 1 m/s. The river flows with velocity of 4 m/s. 

(a) Find the path which he should take to get to the point directly opposite to his starting point in 
the shortest time. 

(b) Also, find the time which he takes to reach his destination. 

The current velocity of river grows in proportion to the distance from its bank and reaches the 

maximum value Uy in the middle. Near the banks the velocity is zero. A boat is moving along the 

river in such a manner that the boatman rows his boat always perpendicular to the current. The 

speed of the boat in still water is u. Find the distance through which the boat crossing the river 


will be carried away by the current, if the width of the river is c. Also determine the trajectory of 
the boat. 


The v-s graph for an airplane travelling on a straight runway is shown. Determine the 
acceleration of the plane at s = 50 mand s = 150 m Draw the a-s graph. 


v (m/s) 


50 
40 
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13. A river of width a with straight parallel banks flows due north with speed u. The points O and A 
are on opposite banks and A is due east of O. Coordinate axes Ox and Oy are taken in the east 
and north directions respectively. A boat, whose speed is v relative to water, starts from O and 


crosses the river. If the boat is steered due east and u varies with x as : u = x(a — x) 2 Find 
a 


(a) equation of trajectory of the boat, 

(b) time taken to cross the river, 

(c) absolute velocity of boatman when he reaches the opposite bank, 

(d) the displacement of boatman when he reaches the opposite bank from the initial position. 

14. A river of width œ is flowing with a uniform velocity v. A boat starts moving from point P also 
with velocity v relative to the river. The direction of resultant velocity 1s always perpendicular 
to the line joining boat and the fixed point R. Point Qis on the opposite side of the river. P, Q and 
R are ina straight line. If PQ = QR = a, find (a) the trajectory of the boat, (b) the drifting of the 
boat and (c) the time taken by the boat to cross the river. 

eR 
Q! 
Li 
+ 
iP 
15. The v-s graph describing the motion of a motorcycle is shown in figure. Construct the a-s graph 


of the motion and determine the time needed for the motorcycle to reach the position s = 120 m. 
Given ln 5 - 1.6. 


v (m/s) 


15 


s(m) 


60 120 


16. The jet plane starts from rest at s = Oand is subjected to the acceleration shown. Determine the 
speed of the plane when it has travelled 60 m. 


a (m/s?) 


22.5 


150 am) 


17. A particle leaves the origin with an initial velocity v= (3.001) m/s and a constant acceleration 
a = (-1.001 — 0.500 j) m/s”. When the particle reaches its maximum x coordinate, what are 
(a) its velocity and (b) its position vector? 


18. The speed of a particle moving in a plane is equal to the magnitude of its instantaneous velocity, 
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19. 


20. 


21. 


22. 


23. 


24. 


iyl [2 2 
v=|vl=,ju, + Uy. 


(a) Show that the rate of change of the speed is T = (U,a, + Uyay) Liu + uU. 
(b) Show that the rate of change of speed can be expressed as Z = v. a/v, and use this result to 


: dv. : 
explain why EL is equal to a, the component of a that is parallel to v. 


A man with some passengers in his boat, starts perpendicular to flow of river 200 m wide and 
flowing with 2 m/s. Speed of boat in still water is 4 m/s. When he reaches half the width of river 
the passengers asked him that they want to reach the just opposite end from where they have 
started. 

(a) Find the direction due which he must row to reach the required end. 

(b) How many times more time, it would take to that if he would have denied the passengers? 


A child in danger of drowning in a river 1s being carried downstream by a current that flows 
uniformly at a speed of 2.5 km/h. The child 1s 0.6 km from shore and 0.8 km upstream of a boat 
landing when a rescue boat sets out. If the boat proceeds at its maximum speed of 20 km/h with 
respect to the water, what angle does the boat velocity v make with the shore? How long will it 
take boat to reach the child? 


A launch plies between two points A and B on the opposite banks of a 


B 

river always following the line AB. The distance S between points A 
and B is 1200 m. The velocity of the river current v=1.9 m/s is 
constant over the entire width of the river. The line AB makes an angle u 
a = 60? with the direction of the current. With what velocity u and at CIEN 
what angle DB to the line AB should the launch move to cover the p 

a 

A 


distance AB and back in a time t= 5 min? The angle B remains the 
same during the passage from A to B and from B to A. 


The slopes of wind screen of two cars area, = 30? and a, = 15° respectively. At what ratio vj/ vs 
of the velocities of the cars will their drivers see the hail stones bounced back by the wind screen 
on their cars in vertical direction? Assume hail stones fall vertically downwards and collisions 
to be elastic. 


A projectile of mass m is fired into a liquid at an angle 9, with an initial y 
velocity vo as shown. If the liquid develops a frictional or drag resistance on 
the projectile which is proportional to its velocity, i.e. F = — ku where k is a Vo 
80 x 


positive constant, determine the x and y components of its velocity at any 


instant. Also find the maximum distance x,,... that it travels? 


max 
A man in a boat crosses a river from point A. If he rows 
perpendicular to the banks he reaches point C (BC = 120m) c] ———7 — 
in 10 min. If the man heads at a certain angle a to the 
straight line AB (AB is perpendicular to the banks) against 
the current he reaches point B in 12.5 min. Find the width of D 
the river w, the rowing velocity u, the speed of the river X% "d 

current v and the angle a. Assume the velocity of the boat x 

relative to water to be constant and the same magnitude in 

both cases. 


Answers 


Introductory Exercise 6.1 
1. Both downwards 2. (a) -2 m? /S?, (b) obtuse, (c) decreasing 


Introductory Exercise 6.2 
1. One dimensional with constant acceleration 2. Two dimensional with non-uniform acceleration 
3. No 


Introductory Exercise 6.3 
2/2 


1. False 2. True 3. g (downwards) 4. iz cm/s, —— cm/s 


5. (a) Yes, in uniform circular motion (b) No, yes (projectile motion), yes 
6. (a) 25.13s (b) 1 cm/s, 0.9 cm/s, 0.23 cm/s? 


Introductory Exercise 6.4 


1. 52m/s 2. E m/s 


Introductory Exercise 6.5 
2. See the hints 
3. Always g 4. Acceleration 5. 60 m, 100m 


6. u+ ja 7. True 8. 25 m/s (downwards) 
9. (a)6.0 m, (b) 10s, (c) 5Om 
10. 125 m, (b) 55s, (c) approximately 35 m/s 
Introductory Exercise 6.6 
1. (a) 1 m/s? (b) 43.5m 2. (a) 60 cm/s?, (b) 1287 cm 
3. (a) x 2 1.0m,v = 4 m/s, a = 8 m/s?, (b) zero 4.(a)x=2.0m (b)zero (c)26 ms? 


5. se t^ and a œ t^ 


Introductory Exercise 6.7 
1. 247 m/s, 443 m 2. (2j) m/s?, (2i + j) m, yes 


3. v= (i + i) m/s, co-ordinates = (5 m m) 


Introductory Exercise 6.8 
1. (a) Particle A starts at t = O from x = 10 m. Particle B starts at t = 4 s from x = 0. 


(b) v4 2 + 2.5 m/s, vg = + 7.5 m/s, (c) They strike at x = 30 mandt=8s 
80 m, 2.5 m/s? 


(a) 0.6 m/s?, (b) 50 m, (c) 50 m 


2 
3 
4. (a) 10 m/s, (b) 20 m/s, zero, 20 m/s, -20 m/s 
5. 100 m, zero 
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Introductory Exercise 6.9 


1. -2 m/s 2. zero 


4. (a) sin ©) east of the line AB (b) 50min — 5. (a) 200 m, (b) 20 m/min, (c) 12 m/min 


6. (a) 10s, (b) 50m 


LEVEL 1 


Assertion and Reason 
1.d)  2.(d) 3.(a) 4.(d) 
11.(a) 12.(d) 


Single Correct Option 
1(b  2(0  8(d 4.(2) 
11.b) 12.(c) 13.(c)  14.(b) 
21.(b) 22.(b  23.(d)  24.(b) 


Subjective Questions 


1. (a) Magnitude of total acceleration and tangential acceleration, (b) equal in 1-D motion 
(a) x? 2 4y (b) (2i + 26) units. (c) (2j) units 
(a) 1100 m, (b) 500 m, (c) 55 m/min, (d) 25 m/min, 


(a) 36km (b) 1 min 


oP wn 


7. (a)zero (b) 8ms? (c)8 ms“ 


9. 8m 10.1.5s 


Exercises 
5.(c) 6.(d) 7.(d) 8.(d) 9.(d) 
5.(a) 6.(b) 7.(a) 8.(c) 9.(c) 
15.(b) 16.(a) 17.(c) 18.(b) 19.(d) 


25.(b) 


(a) 16.67 ms! (b) 10 ms^! (downwards) 


3.(a) 40s (b) 80m 


26.(c) 27.(b) 28.(b) 29.(b) 


6.T - 4t 
8. (a) 2W3 ms (b) v3 ms? 
44 2 
11, “2 + fo 
g 2 


12. (a) positive, positive, positive, negative (b) positive, zero, negative, negative 


13. (a) = ms? (b) 10 ms 


15. v4,a, and a, are positive while v, is negative 


16. 25s,6s, 2(2+ V7)s 


17. See the hints 
18. (a)-5 ms? (b) 90 ms? 


14. 36 s, No 


19. (a) 125i + 0.5j) msXb) - 05i + i) ms"? (c) No 


20. 45m 
21. (3.414) to 


23. (a)5 ms?! (b)1.67 ms? (c)7.5m 


25. (a)(81i-8] ms! (b)(18m,- 4m) 


27. - 30 ms? 


29. 0.603 ms? 


22. (a) 16.25m (b) 1.85 
24. 0.2 ms^?, 0.8 ms! 

26.(à)45m (b)22ms 

28. 14.125 m, 1.75 ms), 4.03 ms! 


30. - 5) ms? 
3 


10.(a or b) 


10.(a) 
20.(a) 
30.(b) 
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31. ha (ms?) 32. a (ms) 
5 C™ 
i 4 81 
s 2 16 >t (s) 
A S (m) 30 s (m) 
4 6 8 101214 > t(s) 
-60 Do) o: o3 d 34 
> t (s) sgol NS deedsudes 
—100r--------M-:-- 
-120}---------- 
33. Velocity (m/s) 
> 
time (s) 
35. (24+ V3)s 


36. (a)5ms~, zero, 5 ms? (b)s=30m (c) (i)s=104 2.5t? (ii) s 404 10 (t - 4) - 2.5 (t - 4? 
37. (a)zero (b)25 ms! (c)-25ms^ (d)O.8s 


38. (a)3.65 s, at 12.30 m level (b) 19.8 ms"! (downwards) 
39. (a)7.39s (b)35.5m (c) automobile 25.9 ms“! truck 16.2 ms"! 


af 1 
40. 45% sin (2 = 24.3? 
242 


41. (a) at an angle @ = sin (0.4) west of north (b) h 


J21 
LEVEL 2 
Single Correct Option 
1.(b) 2.(b) 3.(c) 4.(a) 5.(a) 6.(a) 7.(d) 8.(a) 9.(a)  10.(d) 


11.(a) 12.(c)  13.(a) 14.(b) 15.(d) 


More than One Correct Options 
1.(ad) 2.(al) 3.(b) 4.(ab) 5.(ad) 6.(b,c)  7.(&b)  8.(bc)  9.(ac) 10.(a,d) 
11.(a,b,c) 12.(al)  13.(b,d)  14.(ab,c) 15.(a,c) 


Comprehension Based Questions 
1.(a) 2.(c) 3.(d) 4.(c) 5.(c) 6.(b) 7.(d) 
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Match the Columns 


1. (a r,s (b) r,s (c) O p (d) q 
2. (2 r (b) p (c)2 q (d) q 
3. (a)> p (b) p (c)2 q (dor 
4. (a)>r (bs (c) r (d)—r 
5. (ayor (b) > q (c) s (d) p 
6. (a)>q (b) > p (c) s (d) s 


Subjective Questions 
1. L26x10? ms? (upward) 2. 44/3 ms! 


3. B moves up with initial velocity 5 and downward acceleration — i 5. 20.5s 


6. (3)0.72s(b) 6.2 ms? 7. (aj 76 m(b) 42s 8. (a) - 0.833 ms"! (b) 2.63 ms! 
9. (a)v- t? - 2t (b) 6.67 m 10. (a) 90° + sin (3/5) from river current (b) 2 min 40 s 


11. Vo. Bo MER 12.8 ms, 4.5 ms, For the graph see the hints 
2u Vo 
13 _ x? E x8 a 2 aj 
: @) y= z a2 (b) 7 (c)v (due east) (d) A 
14. (a) circle (b) V3 o (c) d E 15. 12.05, For the graph see the hints 16. 46.47 ms! 


17. (a) (- 15] ms? (b) (4.51- 225j) m 
19. (a) At an angle (90? + 26) from river current (upstream). Here : 0 = ta (2) O: 


20. 37°, 3min 21.u=8ms4p=12° 22, ⁄=3 
Vo 


kt 
; -— mv cos 8 
23. v, = vo cose e^ "^, v, = » (4 Vo Sing + g) om 1 Xm = 


24. 200 m, 20 m/min, 12 m/min, 36°50. 


Projectile Motion 


Chapter Contents 


7.1 Introduction 

7.2 Projectile Motion 

7.3 Two Methods of Solving a 
Projectile Motion 

7.4 Time of Flight, Maximum Height and 
Horizontal Range of a Projectile 


7.5 Projectile Motion along an Inclined Plane 
7.6 Relative Motion between Two Projectiles 


7.1 Introduction 


Motion of a particle under constant acceleration is either a straight line (one-dimensional) or 
parabolic (two-dimensional). Motion is one dimensional under following three conditions : 


(1) Initial velocity of the particle is zero. 
(ii) Initial velocity of the particle is in the direction of constant acceleration (or parallel to it). 
(iii) Initial velocity of the particle is in the opposite direction of constant acceleration (or antiparallel 
to it). 
For small heights acceleration due to gravity (g) is almost constant. The three cases discussed about 
are as shown in the Fig. 7.1. 
|: 


Case-(i) Case-(ii) Case-(iii) 
Fig. 7.1 
In all other cases when initial velocity is at some angle (40° or 180?) with constant acceleration, 


motion is parabolic as shown below. 
u 


IE 
/ 
Fig. 7.2 


This motion under acceleration due to gravity is called projectile motion. 


1.2 Projectile Motion 


As we have seen above, projectile motion is a two-dimensional motion (or motion in a plane) with 
constant acceleration (or acceleration due to gravity for small heights). 


The different types of projectile motion are as shown below. 


u 
u 
(a) (b) (c) 
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u 


(d) (e) (f) 
Fig. 7.3 


The plane of the projectile motion is a vertical plane. 


7.3 Two Methods of Solving a Projectile Motion 


Every projectile motion can be solved by either of the following two methods: 
Method1 Projectile motion is a two dimensional motion with constant acceleration. Therefore, we 
can use the equations 


1 
v=u-+atand scuta 


For example, in the shown figure 
Vertical (j) 


^ 


(0) Horizontal (i) 
g 
Fig. 7.4 


u=ucos ai + usin aj and a-- gj 
Now, suppose we want to find velocity at time t. 
v=u+at=(ucosai +usin oj) - gj 
or v=ucos ait (usina — gt) j 
Similarly, displacement at time t will be 
s=utt+ : at” = (ucos od + usin aj) rig j 


A 


A : 1 
= ut cos Qu fu sın Q at] J 


Note In all problems, value ofa (= g) will be same only u will be different. 
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© Example 7.1 A particle is projected with a velocity of 50 m/s at 37° with 
horizontal. Find velocity, displacement and co-ordinates of the particle (w.r.t. 
the starting point) after 2 s. 
Given, g=10 m/s?, sin 3? 2 0.6 and cos 37° 20.8 


Solution In the given problem, 
u=(50cos 37° ji +(50sin 37° )] y 


= (40i + 30j) m/s 
a=(- 10j) m/s? 
= 50 mis | oz 10 mis? 
v=u-+at 
= (40i + 30j)+ (- 105) (2) x 
= (40i + 10j) m/s Ans. Fig. 7.5 
1 2 
s=ut+-—at 
2 


= (40i 4- 36) 2 (-105) 2» 


= (80i + 40j)m 
Coordinates of the particle are 
x=80m and y=40m Ans. 


© Example 7.2 A particle is projected with velocity u at angle 0 with horizontal. 
Find the time when velocity vector is perpendicular to initial velocity vector. 


Solution 
Fig. 7.6 
Given, vL u 
=> v-u=0 
> (Utat)U=O0 |  » 5 .. (i) 


Substituting the proper values in Eq. (i), we have 
[{(wcos 9)i + (usin ®)j}+ (— gj) t]-[(ucos®)i + (usin 9)j] 2 0 
=> u? cos? 0+ i? sin? 0— (ugsin8)r 2 0 


=> u’ (sin? 0+cos” 0)- (ug sin®)t 
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Solving this equation, we get 


"" i . ucosec® Kas: 
gsinO g 
Alternate method 
a-g 
Angle between u and a is œ = 90? +0 u 
Now, Eq. (1) can be written as 
0 
u-u+u-at=0 
2 a 
or u” + (ug cosa )t=0 
or u> +[ug cos (90° +6)]t=0 a=g 
Solving this equation, we get Fig. 7.7 
i= 2 . ucosec® PO 
gsinO g 


Method 2; In this method, select two mutually perpendicular directions x and y and find the two 
components of initial velocity and acceleration along these two directions, i.e. find u,, u,, a, anda,,. 
Now apply the appropriate equation (s) of the following six equations : 


V. =u, +a,t 
l 5 : 
i a Along x - axis 


259 
vi =u% +2a,s, 


yy =U, ta,t 


1 2 ; 
and Sy = Met MUR Along y- axis 


2.58 
yy =u; *2a,5, 


Substitute v,, u,, Ax» $,, V, ,u,, a, and s, with proper signs but choosing one direction as positive and 


yoy? 


: 1 TE i 
other as the negative along both axes. In most of the problems s= ut + 5 at? equation is useful for time 
calculation. Under normal projectile motion, x-axis is taken along horizontal direction and y-axis 


along vertical direction. In projectile motion along an inclined plane, x-axis is normally taken along 
the plane and y-axis perpendicular to the plane. Two simple cases are shown below. 


220 


Mechanics - I 


In Fig. 7.8 (a) 


u, =ucosO, uy = usin, a, =0, a,=-g 


In Fig. 7.8 (b) 


e 


e 


U, —ucosQ, u, — usinQ, a, ——gsin p, ay = —gcosp 


Example 7.3 A projectile is fired horizontally u = 98 m/s 
with velocity of 98 m/s from the top of a hill 8 
490 m high. Find 
(a) the time taken by the projectile to reach the 
ground, 
(b) the distance of the point where the particle hits the 
ground from foot of the hill and B 
(c) the velocity with which the projectile hits the 
ground. (g = 9.8 m/s”) 


IN , Fig. 7. 
Solution Here, it will be more convenient to choose x and y iid 
directions as shown in figure. 
Here, u, =98 m/s, a,-0 u,=0 and a,=g 
(a) At A, s, — 490 m. So, applying 
Sy = uyt + ; a,t? 
490 = 0+ È (9.8) i? 
t=10s Ans. 
1 2 
(b) BA=s, =u,t+ 5 dt 
Or BA =(98)(10)+ 0 
or BA = 980m Ans. 


(c) v, =u, +a,t =98+0 = 98 m/s 


v, =u, +a,t= 0- (9.8) (10)= 98 m/s 


v= fv? + v2 = (98) + (98)? = 98/2 mys 


V 
and p= NEL 
y 98 


ES B = 45° 
Thus, the projectile hits the ground with velocity 98/2 m/s at an angle of B = 45° with horizontal 
as shown in Fig. 7.9. 


Example 7.4 A body is thrown horizontally from the top of a tower and strikes 
the ground after three seconds at an angle of 45° with the horizontal. Find the 
height of the tower and the speed with which the body was projected. 

Take g =9.8m/s’. 
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Solution As shown in the figure of Example 7.3. 


u, = 0 and ay =g= 9.8 m/s? " 


s, 20x 3«1x98x (3) 


=44.1m 
Thus, height of the tower is 44.1 m. 
Further, v, =u, +.a,t=0+ (9.8) (3)= 29.4 m/s 


As the resultant velocity v makes an angle of 45° with the horizontal, so 


tan 45° = I or l= = 
Vx Vx 
v, — 29.4 m/s 
V. =u, t at 
> 29.4=u, +0 
or u, =29.4 m/s 


Therefore, the speed with which the body was projected (horizontally) is 29.4 m/s. 


INTRODUCTORY EXERCISE 


1. Two particles are projected from a tower horizontally in opposite directions with velocities 10 m/s 
and 20 m/s. Find the time when their velocity vectors are mutually perpendicular. Take 
g=10m/s?. 


2. Projectile motion is a 3-dimensional motion. Is this statement true or false? 


ad 


Projectile motion (at low speed) is uniformly accelerated motion. Is this statement true or false? 
4. A particle is projected from ground with velocity 50 m/s at 37° from horizontal. Find velocity and 


displacement after 2 s. sin 37? — : 


5. A particle is projected from a tower of height 25 m with velocity 2042 m/s at 45°. Find the time 


when particle strikes with ground. The horizontal distance from the foot of tower where it strikes. 
Also find the velocity at the time of collision. 


Note In question numbers 4 and 5, i is in horizontal direction and j is vertically upwards. 


7.4 Time of Flight, Maximum Height and Horizontal 
Range of a Projectile 


Fig. 7.10 shows a particle projected from the point O with an initial velocity u at an angle a with the 
horizontal. It goes through the highest point A and falls at B on the horizontal surface through O. The 
point O is called the point of projection, the angle o is called the angle of projection, the distance OB is 
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called the horizontal range (R) or simply range and the vertical height AC is called the maximum height 
(H). The total time taken by the particle in describing the path OAB is called the time of flight (T). 


Fig. 7.10 


Time of Flight (7) 


Refer Fig. 7.10. Here, x and y-axes are in the directions shown in figure. Axis x is along horizontal 
direction and axis y is vertically upwards. Thus, 


U, = UCOS Q, 
u, =usin da, a, =0 
and a,=-g 


At point B, s,, =0. So, applying 
1 
Sy =u t+ 2 at’, we have 
: l a 
Ursus pes g 


2u sin Q 
& 


t=0, 


2u sin Q WM f ; 
correspond to the situation where s,, = 0. The time ¢ = 0 corresponds to point 
£ 
2usin Q : f : $c ope 
corresponds to point B. Thus, time of flight of the projectile is 


Both: 20 andt= 


O and time t = 


2u sin Q 
T= 


T =toag OF 
& 


Maximum Height (H ) 
At point A vertical component of velocity becomes zero, i.e. v,, =0. Substituting the proper values in 
2 


E" 
yy =u; *2a,s, 


we have, 0= (usina)? +2(-g)(H) 
_ u’ sin? a 


2g 
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Horizontal Range (R ) 


Distance OB is the range R. This is also equal to the displacement of particle along x-axis in time 


f 1 
t — T. Thus, applying s, = u,t - — Bx. we get 
2 


R=(ucos «(== 3E 0 


S 
2usin Q 
as a, —0 and papaa 
4 
2u’ sinacosa  u?sin2a u’ sin 20 
R= = or | R = — 
g g S8 


Following are given two important points regarding the range of a projectile 
(i) Range is maximum where sin 20 — 1 or & = 45? and this maximum range is 


R ox = (at a = 45° ) 


(ii) For given value of u range at & and range at 90? —o are equal, although times of flight and 
maximum heights may be different. Because 


u? sin 2(90° — a.) AY 
Roos. = 
S 
_ u° sin (180° — 2a) u 
& 
PM 
_ usin 20 _ R 60° 
z= cg 30° 2 
8 O 
So, R30° = Reo Fig. 7.11 
OF R° = Rag 


This is shown in Fig. 7.11. 


€» Extra Points to Remember 
e Formulae of T, H and R can be applied directly between two points lying on same horizontal line. 


Fig. 7.12 


For example, in the two projectile motions shown in figure, 
f ee Dep 
aang PQ-H-"U sin & d OM-R-U sin2a 
2g 9 
For finding tags or distance NS method-2 discussed in article 7.3 is more useful. 


toom =! = 
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e As we have seen in the above derivations that a, = 0, i.e. motion of the projectile in horizontal direction is 
uniform. Hence, horizontal component of velocity u cos œ does not change during its motion. 


* Motion in vertical direction is first retarded then accelerated in opposite direction. Because u, is upwards 
and a, is downwards. Hence, vertical component of its velocity first decreases from O to A and then 
increases from A to B. This can be shown as in Fig. 7.13. 


y 
A 
u 
uy 
a 
= = > X 
O Ux B 
Fig. 7.13 


e The coordinates and velocity components of the projectile at time t are 
X=S, =u,t -(u cosa)t 


LES 

V= Sy epi s zu 
^ 1 8 

= (u sin o)t =z% 


Vo= =U COSC) 
and v, =u, + at =u sina — gt 


Therefore, speed of projectile at time tis v = .]v? + us and the angle made by its velocity vector with positive 


V 
6 = tan!| % 
Vy 


e Equation of trajectory of projectile 


X-axis iS 


u COS Q 
Substituting this value of t in, y = (u sina)t — i gt?^, we get 


2 


X 

y=xtana - —9* — 

2u“ COS” q 

gx 2 

Or y= x tana — —, seca 
2u 


2 
y=xtana-2 (1+ tan? o) 
u 


These are the standard equations of trajectory of a projectile. The equation is quadratic in x. This is why the 
path of a projectile is a parabola. The above equation can also be written in terms of range (R) of projectile as: 


X 
ex = em e 
| 3 
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© Example 7.5 Find the angle of projection of a projectile for which the 
horizontal range and maximum height are equal. 


Solution Given, R=H 


usin 2a usin? a ] sin? a 
————— = or _ 2sinacosa= 
g 2g 
sin Q 
or =4 or tana=4 
cos Q 


a = tan! (4) Ans. 


© Example 7.6 Prove that the maximum horizontal range is four times the 
maximum height attained by the projectile; when fired at an inclination so as to 
have maximum horizontal range. 


Solution For 0 = 45°, the horizontal range is maximum and is given by 


gd 
R max 
S 
2 542 2 
P R 
Maximum height attained H ux LPS T 
2g 4g 4 

or R max = 4 H max Proved. 


© Example 7.7 For given value of u, there are two angles of projection for which 
the horizontal range is the same. Show that the sum of the maximum heights 
for these two angles is independent of the angle of projection. 


Solution There are two angles of projection & and 90° — & for which the horizontal range R is 
same. 


2542 2.542 2.2 
0? — 
Waw me sin^ Q d pat sin ^ (9 Q) u^cos^Q 
2g 2g 2g 
2 
Therefore, H, +H, S. (sin? a + cos? a) 
§ 
2 
E 
2g 


Clearly the sum of the heights for the two angles of projection is independent of the angles of 
projection. 


© Example 7.8 Show that there are two values of time for which a projectile is 
at the same height. Also show mathematically that the sum of these two times is 
equal to the time of flight. 


Solution For vertically upward motion of a projectile, 
y= (usin o)t- gr Or Ti — (usina )t+ y=0 
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This is a quadratic equation in t. Its roots are 


usin à — Ju? sin? a. — 2gy 


fi 


& 

" VEND. 

usin & + Ju^ sin“ Q — 2gy 
and t= 
g 
titt = EHE =T (time of flight of the projectile) 
g 
INTRODUCTORY EXERCISE 


1. A particle is projected from ground with velocity 40/2 m/s at 45°. Find 
(a) velocity and 
(b) displacement of the particle after 2 s. (g =10 m/s?) 

2. Under what conditions the formulae of range, time of flight and maximum height can be applied 
directly in case of a projectile motion? 


3. What is the average velocity of a particle projected from the ground with speed u at an angle a 
with the horizontal over a time interval from beginning till it strikes the ground again? 


4. What is the change in velocity in the above question? 
5. A particle is projected from ground with initial velocity u —-2042 m/s at 


y 
0 =45°. Find 
(a) R, Hand T, T 
(b) velocity of particle after 1 s 
(c) velocity of particle at the time of collision with the ground (x-axis). B >X 
6. A particle is projected from ground at angle 45° with initial velocity Fig. 7.14 


2042 m/s. Find 


(a) change in velocity, 
(b) magnitude of average velocity in a time interval from t =O tot 23 s. 


7. The coach throws a baseball to a player with an initial speed of 20 m/s at an angle of 45° with the 
horizontal. At the moment the ball is thrown, the player is 50 m from the coach. At what speed 
and in what direction must the player run to catch the ball at the same height at which it was 
released? (g = 10 m/s?) 


8. A ball is thrown horizontally from a point 100 m above the ground with a speed of 20 m/s. Find (a) 
the time it takes to reach the ground, (b) the horizontal distance it travels before reaching the 
ground, (c) the velocity (direction and magnitude) with which it strikes the ground. 


9. A bullet fired at an angle of 30? with the horizontal hits the ground 3.0 km away. By adjusting its 
angle of projection, can one hope to hit a target 5.0 away? Assume the muzzle speed to be fixed 
and neglect air resistance. 


10. A particle moves in the xy-plane with constant acceleration a directed along the negative y-axis. 


The equation of path of the particle has the form y =bx — cx?, where b and c are positive 
constants. Find the velocity of the particle at the origin of coordinates. 
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7.5 Projectile Motion along an Inclined Plane 


Here, two cases arise. One is up the plane and the other is down the plane. Let us discuss both the 
cases separately. 


Up the Plane 


In this case direction x is chosen up the plane and direction y is chosen perpendicular to the plane. 
Hence, 


Fig. 7.15 


u, =ucos (a—f), a, -—gsinp 
u, =usin(a—B) and a, 


—gcosp 
Now, let us derive the expressions for time of flight (7) and range (R) along the plane. 
Time of Flight 


At point B displacement along y-direction is zero. So, substituting the proper values in 
1 2 
Sy = ut u ayt , we get 


0 = ut sin (x -B)+—(-gcosB) 1? = (—0 and 2u sin (a — p) 
2 gcosp 


corresponds to point B. Thus, 
gcosp 


t — 0, corresponds to point O and t= 


rm 2usin (a — p) 
g cos p 


Note Substituting B — 0, in the above expression, we get T = 


eusina which is quite obvious because p =0 is 
the situation shown in Fig. 7.16. 


Y 


x 
Fig. 7.16 
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Range 
Range (R) or the distance OB can be found by following two methods: 
Method 1, Horizontal component of initial velocity is 
ug —ucosQ 
OC =uyT 
_ (ucos à) 2usin (a — p) 
i gcosp 
Hu 2u? sin (à — B) cosa 
i gcosp 
_ 0C 
~ cosB 


R=OB 


B 2u? sin (& — B) cos a 
g cos? p 


-D D 
Using, sin C —sin D =2 sin (5 Jes (£5 } 


Range can also be written as, 


2 
u 


g cos 


R= 


T [sin (2a — B) -sin p] 


This range will be maximum when 


Depot or pcc 
2 4 2 
ae: 
and max =—_g, sin ĝ] 
gcos“ p 


: ! T 
Here, also we can see that for B — 0, range is maximum at à = a or = 45° 


2 2 
u 


and R ax 7 — 4 (sin 0°) = 
g cos^ 0? E 


(asag =0) 


Method 2 Range (R) or the distance OB is also equal to the displacement of projectile along 


x-direction in time t = T. Therefore, 
1 2 
R=s, =u,T+—a,T 
2 


Substituting the values of u,, a, and T, we get the same result. 


(ii) Down the Plane Here, x and y-directions are down the plane and perpendicular to plane 


respectively as shown in Fig. 7.17. Hence, 
u, =ucos(a+B), a, =gsinB 


u, =usin(a+B), a,--gcosp 
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Proceeding in the similar manner, we get the following results : 


_ 2usin (o +B) R= u [sin Qa + B) + sin B] 


T ; 
gcosp g cos? B 


Fig. 7.17 


From the above expressions, we can see that if we replace B by —f, the equations of T and R for up the 
plane and down the plane are interchanged provided o (angle of projection) in both the cases is 
measured from the horizontal not from the plane. 


© Example 7.9 A man standing on a hill top projects a stone horizontally with 
speed v, as shown in figure. Taking the co-ordinate system as given in the 
figure. Find the co-ordinates of the point where the stone will hit the hill 
surface. 


Fig. 7.18 
Solution Range of the projectile on an inclined plane (down the 
plane) is, 
2 
R=—*_ [sin (20. +B) +sin B] 
gcos“ p 
Here, u=Vo, &=0 and p-0 
2v, sin 0 
R=——— Fig. 7.19 
gcos“ 0 
2v, t 
Now, eRe D EG 
S 
, 2ve tan? 0 
and y=- Rsin0=- 20 P Y 


S 
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7.6 Relative Motion between Two Projectiles 


Let us now discuss the relative motion between two projectiles or the path observed by one projectile 
of the other. Suppose that two particles are projected from the ground with speeds u, and u, at angles 
a, ando as shown in Fig. 7.20(a) and (b). Acceleration of both the particles is g downwards. So, 
relative acceleration between them is zero because 

y y 


uy Uo 


^ rim" . 


>x O 


Fig. 7.20 

aj, =a, —a, =g-g=0 
i.e. the relative motion between the two particles is uniform. 
Now, Uy, =U, COSH,, Uy, = U, COS (ts 

Wy =u, sind, and u, =u sina, 

Therefore, Mj, = Uy — uy, = Uy COSA, — Uy COS Ob, 
and Uy = y m Ur, =u, sin à, — Uu, sin 0 
uj», and uz, are the x and y components of relative velocity of 1 with i 
respect to 2. 


Hence, relative motion of 1 with respect to 2 is a straight line at an angle 


tiy U12x 
0-tan ! | — | with positive x-axis. Fig. 7.21 
Uy 


Now, ifu, =Ooru, cos à, = u cos Qt», the relative motion is along y-axis or in vertical direction (as 
9 =90°). Similarly, if u2, 20 or u sin (t, =u sinQ,, the relative motion is along x-axis or in 
horizontal direction (as 0 = 0?). 


Note Relative acceleration between two projectiles is zero. Relative motion between them is uniform. Therefore, 
condition of collision of two particles in air is that relative velocity of one with respect to the other should be 
along line joining them, i.e., if two projectiles A and B collide in mid air, then v ,& should be along AB or vg, 
along BA. 


© Example 7.10 A particle A is projected 
with an initial velocity of 60 m/s at an 
angle 30? to the horizontal. At the same time 
a second particle B is projected in opposite <^% “^g 
direction with initial speed of 50 m/s froma |< 100 m >| 
point at a distance of 100 m from A. If the Fig. 7.22 
particles collide in air, find (a) the angle of 
projection a of particle B, (b) time when the collision takes place and (c) the 
distance of P from A, where collision occurs. (g = 10 m/s?) 


60 m/s 50 m/s 
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Solution (a) Taking x and y-directions as shown in figure. y 
Here, a,= - gj 
ag =- gi 
U4, = 60cos 30° = 3043 ms Sy 
u 4, = 60sin 30° = 30 m/s E "m . 
Up, ——50cosQ Fig. 7.23 
and up, = 50sin Q 


Relative acceleration between the two is zero as a , = a5. Hence, the relative motion 
between the two is uniform. It can be assumed that B is at rest and A is moving with u jp. 
Hence, the two particles will collide, if u ,, is along AB. This is possible only when 


U 4y = Ug, 
i.e. component of relative velocity along y-axis should be zero. 


or 30= 50sin a 
a —sin ! (3/5) 2 37° Ans. 
(b) Now, |u 43 |= “4x — Ug, 
= (30/3 + 50cos à.) m/s 


B [30/3 + 50x $) m/s 


= (3043 + 40) m/s 
Therefore, time of collision is 
_ AB | 100 
|u4s| 30/3 + 40 
or t=1.09s Ans. 


(c) Distance of point P from A where collision takes place is 


2 
d= Jes + Z -32) 


2 
= ois 1.09)? + (30% 1.09— : x 10x 1.09 x 1.09) 


or d = 62.64 m Ans. 
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INTRODUCTORY EXERCISE 
1. Find time of flight and range of the projectile along the inclined plane as shown in figure. 
(g =10 m/s?) 
2042 m/s 
30° 
45° 
Fig. 7.24 
2. Find time of flight and range of the projectile along the inclined plane as shown in figure. 
(g =10 m/s?) 
2042 m/s 


Fig. 7.25 
3. Find time of flight and range of the projectile along the inclined plane as shown in figure. 
(g =10 m/s?) 
20 m/s 
30* 
30* 
Fig. 7.26 


4. Passenger of a train just drops a stone from it. The train was moving with constant velocity. What 
is path of the stone as observed by (a) the passenger itself, (D) a man standing on ground? 


5. A particle is projected upwards with velocity 20 m/s. Simultaneously another particle is projected 
with velocity 2042 m/s at 45°. (g = 10 m/s?) 
(a) What is acceleration of first particle relative to the second? 
(b) What is initial velocity of first particle relative to the other? 
(c) What is distance between two particles after 2 s? 


6. A particle is projected from the bottom of an inclined plane of inclination 30°. At what angle a 
(from the horizontal) should the particle be projected to get the maximum range on the inclined 
plane. 
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Final Touch Points 


1. In projectile motion speed (and hence kinetic energy) is minimum at highest point. 


Speed =(cos 8) times the speed of projection 

and kinetic energy — (cos? 0) times the initial kinetic energy 
Here, 0 =angle of projection 
. In projectile motion it is sometimes better to write the equations of H, R andT in terms of u, and 
Uy as 

2u u 
==, H=— and R= 
g 2g g 


. If a particle is projected vertically upwards, then during upward journey gravity forces (weight) and 
air drag both are acting downwards. Hence, |retardation| > |g|. During its downward journey air drag 
is upwards while gravity is downwards. Hence, acceleration < g. Therefore we may conclude that, 


T 


Vv 


| | | Air drag 


Gravity | | Air drag Gravity | " 


ime of ascent « time of descent 

Exercise : In projectile motion, if air drag is taken into consideration than state whether the H, R and 
T will increase, decrease or remain same. 
Ans. T will increase, H will decrease and R may increase, decrease or remain same. 
. At the time of collision coordinates of particles should be same, i.e. 

X(-X,, and yy=Yo (for a 2-D motion) 
Similarly X42X5, y,2y2 and z4,-2Ze (for a 3-D motion) 
Two particles collide at the same moment. Of course their time of journeys may be different, i.e. they 
may start at different times (t, and t; may be different). If they start together then t, = to. 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on the concept that horizontal component of velocity remains unchanged 


This type can be better understood by the following example. 


© Example 1 A particle is projected from ground with velocity 40m/s at 60° from 
horizontal. 
(a) Find the speed when velocity of the particle makes an angle of 37° from horizontal. 
(b) Find the time for the above situation. 
(c) Find the vertical height and horizontal distance of the particle from the starting point 
in the above position. Take g=10 m/s”. 
Solution In the figure shown, 
u, =40 cos 60? 220 m/s 
u, =40sin 60°=20 V3 m/s 
a, =Oanda, --10m/s? 
(a) Horizontal component of velocity remains unchanged. 


Uy = uy 
or vcos37°=20 
= v (0.8)=20 
. v-25 m/s. 
U,-u 
(b) Using, v, =u, +a,t > t= oe 2 


 vsin37?-2043  (25)(06)-2043 


For t, ti =196s 
-10 -10 
Fort p= 08i 9T -2043  -(05)06)-2043 |... 
-10 -10 
(c) Vertical height h=s, (at tor tə) 


Let us calculate at t, 


h-u,t* 5 a, t? = 8048) 1.96) + j C10) (196)? 


=48.7 m. 
Horizontal distances 
x, = ut (as a, =0) 
= (20) (196) = 392m 
Similarly, X9 = u,t9 = (20) (4.96) 


- 992 m. 
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Type 2. Situations where the formulae, H, R and T cannot be applied directly. 


Concept 


As discussed earlier also, formulae of H, R and T can be applied directly between two points 
lying on the same horizontal line. 


How to Solve? 
* |n any other situation apply component method (along x and y-axes). In most of the problems it is advisable 
to first find the time, using the equation, s ut + pat in vertical (or y) direction. 


© Example 2 In the figures shown, three particles are thrown from a tower of 
height 40 m as shown in figure. In each case find the time when the particles 
strike the ground and the distance of this point from foot of the tower. 


20V2 m/s 
45° 20 m/s 
pom a5 y 
40m 40m 40m 20N2 m/s 
TEVTWMTUCUNNENMEAUHSENM x 


(i) (ii) (iii) 
Solution For time calculation, apply 
$= Uyt + : a, t 


in vertical direction. 


In all figures, s=—40m,a, =—10 m/s? 

In first figure u, = +2042 cos 45° = + 20 m/s 
In second figure, uy =0 

In third figure, u, =-20V2 cos 45? = —20 m/s 


For horizontal distance, 
x=u,t 

u,-20m/s in all cases 
Substituting the proper values and then solving we get, 
In first figure 
Time ¢, =546s and horizontal distance x, =109.2m 
In second figure 
Time t,=2.83 s and the horizontal distance x,=56.6m 
In third figure 
Time t; =146s and the horizontal distance x, =292m 
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Type 3. Horizontal projection of a projectile from some height 


Concept 


After time t After falling h 
Fig. (i) Fig. (ii) 


Suppose a particle is projected from point O with a horizontal velocity ‘w’ as shown in two 
figures. Then, 
In Fig. (i) or after time t 
Suppose the particle is at point P, then 

Horizontal component of velocity = u 

Vertical component of velocity, v= gt 
If gz 10 m/s, then 

v=10t (downwards) 


Horizontal distance QP = ut and vertical height fallen oQ- gt? 


If g- 10 m/s?, then 
OQ- 5t? 
If Fig. (ii) or after falling a height ‘h’ 
Suppose the particle 1s at point P, then 
Horizontal component of velocity = u 
Vertical component of velocity v=,/2gh (downwards) 
Time taken in falling a height A is 
pa ee [ash=t* 


The horizontal distance QP = ut 
Note In both figures, net velocity of the particle at point P is, 
Va mV? tue 
and the angle 0 of this net velocity with horizontal is 


tang-*. Or oct [] 
u u 


© Example 3 A ball rolls off the edge of a horizontal table top 4 m high. If it 
strikes the floor at a point 5 m horizontally away from the edge of the table, what 
was its speed at the instant it left the table? 
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Solution Using h= ; gt?, we have 

1 

hag = 2 stic 

or tac = 2hap 

ls 

= 2x4 -0.9 

Y 9.8 
Further, BC - vt4c 
or jets -50 5.55 m/s Ans. 


Example 4 An aeroplane is flying in a horizontal direction with a velocity 
600 km/h at a height of 1960 m. When it is vertically above the point A on the 
ground, a body is dropped from it. The body strikes the ground at point B. 
Calculate the distance AB. 


Solution From h =; gt? 

yoke € 2hoa _ E x1960 , 
g 9.8 

Horizontal distance AB = vtog 


= [600 x 2 mls] (20 s) 
18 
= 3333.33 m= 3.33 km Ans. 


Example 5 In the figure shown, find 
O 20m/s 


(a) the time of flight of the projectile over the inclined plane 
(b) range OP 
Solution (a) Let the particle strikes the plane at point P at time t, then 


0Q=5 gà 5t 


QP -20t 
In AOPQ, angle OPQ is 45°. 
: OQ-QP or 5t7=20t 
E t=4s Ans. 
(b) OP - QPs 45° = 20t) (V2) 
Substituting t=4s, we have 
OP=80 42m Ans. 
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© Example 6 In the figure shown, find é 40 m/s 
(a) the time when the particle strikes the ground at P j 
(b) the horizontal distance QP 
45m 


(c) velocity of the particle at P 
Take g= 10 m/s? p 


Solution (a) t= |?" = |2X49 -3s Q 
g 10 


(b) Horizontal distance QP =40 t 


=40x3=120m Ans. 
(c) Horizontal component of velocity at P = 40 m/s 
Vertical compound of velocity = gt 2104t 210 x3 230 m/s (downwards) 


,40 m/s 


Net velocity v=4 (40)? + (30)? 250 m/s Ans. 


(nese or 2 
40 4 


0-tan^ B =37° Ans. 


Type 4. Based on trajectory of a projectile 


Concept 
We have seen that equation of trajectory of projectile is 
2 
y-xtan0 a yes xtanO a (1+ tan? 0) 
2u~ cos” 0 2u 


In some problems, the given equation of a projectile is compared with this standard 
equation to find the unknowns. 


© Example 7 A particle moves in the plane xy with constant acceleration 'a' 
directed along the negative y-axis. The equation of motion of the particle has the 
form y 2 px — qx? where p and q are positive constants. Find the velocity of the 
particle at the origin of co-ordinates. 


Solution Comparing the given equation with the equation of a projectile motion, 
2 


y-xtan0- al (1 + tan? 0) 
2u 
We find that g=a,tan@=pand 7 (1 + tan?0) 2 q 
u? 


u = velocity of particle at origin 


SE + tan?) 2E t p) 
2q 2q 
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Type 5. Based on basic concepts of projectile motion. 


Concept 
Following are given some basic concepts of any projectile motion : 
(i) Horizontal component of velocity always remains constant. 


(ii) Vertical component of velocity changes by 10 m/s or 9.8 m/s in every second in 
downward direction. For example, if vertical component of velocity at t=0 is 30 m/s 
then change in vertical component in first five seconds is as given in following table: 


Time (in sec) Vertical component (in m/s) Direction 
0 30 upwards 
B 20 upwards 
2 10 upwards 
3 0 - 
4 10 downwards 
5 20 downwards 

In general we can use, v,-u,-ta,t 


(iii) At a height difference ‘h’ between two points 1 and 2, the vertical components v, and vu; 


are related as, 
Vo —t4v? t2gh 


In moving upwards, vertical component decreases. So, take —2gh in the above 

equation if point 2 is higher than point 1. 
(iv) Horizontal displacement is simply, 

S, =U,t (in the direction of u,) 

(v) Vertical displacement has two components (say s; and s), one due to initial velocity u , 

and the other due to gravity. 

sı =u,t = displacement due to initial component of velocity u,. 
This s; is in the direction of u , (upwards or downwards) 


s,=5g0= Br Gf g-10 m/s?) 


This s, is always downwards. 
Net vertical displacement is the resultant of s, and s3. 


© Example 8 In the figure shown, find 
20V2 m/s 


(a) time of flight of the projectile along the inclined plane. 
(b) range OP 
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Solution (a) Horizontal component of initial velocity, 
u, =20 V2 cos 45? 220 m/s 
Vertical component of initial velocity 
u, 220 V2 sin 45? -20 m/s 
Let the particle strikes at P after time t, then 
horizontal displacement OQ-u,t -20t 


: . : 1 : 
In vertical displacement, u,t or 20¢ is upwards and 5 gt? or 5t? is downwards. But net 


displacement is upwards, therefore 20 t should be greater than 5t? and 


QP -20t -5t? 
In AOPQ, 
tan37?- QP 
OQ 
9h 3 20t-50 
4 20t 
Solving this equation, we get 
t=1s Ans. 
(b) Range OP 2 OQ sec 37? 
5 
= @on(7) 
Substituting t=1s, we have 
OP=25m Ans. 


© Example 9 In the shown figure, find 
20V2 m/s 


(a) time of flight of the projectile along the inclined plane 
(b) range OP 
Solution (a) Horizontal component of initial velocity, u,.=20 42 cos 45° 220 m/s 
Vertical component of initial velocity, 

u, 22042 sin 45° 220 m/s 
Let the particle, strikes the inclined plane at P after time t, then horizontal displacement 

QP = u,t -20t 

In vertical displacement, u,t or 20¢ is upwards and j gt? or 5t? is downwards. But net vertical 


displacement is downwards. Hence 5t? should be greater than 204 and therefore, 
OQ =5t? —20t 
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In AOQP, 
tan 37°=2@ 
QP 
3 5t7-20¢ 
or a BUM 
4 20t 
Solving this equation, we get 
t=7s 
(b) Range, OP = (PQ) sec37° 
5 
= (20t)! — 
eop(*) 
Substituting the value of t, we get 
OP=175m 


Example 10 At a height of 45 m from ground velocity of a projectile is, 
v=(30i+ 40j) m/s 


Ans. 


Ans. 


Find initial velocity, time of flight, maximum height and horizontal range of this projectile. 


Here i and j are the unit vectors in horizontal and vertical directions. 
Solution Given, v, 230 m/s and v, =40 m/s 

Horizontal component of velocity remains unchanged. 

& U, =v, -30m/s 

Vertical component of velocity is more at lesser heights. 
Therefore 


Uy > Vy T 
or Uy =U, +2 gh 
= (40)? + @) 00) 45) 
- 50m/s Gy ote osc „u 
Initial velocity of projectile, 
u= 4 u. * uy 
= 480) + (60)? ü, 
- 10 484 m/s Ane 
tan0= uy = 50 = 5 
u, 30 3 
0-tan'! (>) Ans. 
3 
i 2 
Time of flight, T= 2usin® d 
8 8 
2x50 
10 
=10s Ans. 
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2 
u 
Maximum height, H= oo ERE 
2g 2g 
2 
= 60) =125m Ans. 
2X10 
Horizontal range R=u,T 
=30x10 
=300m Ans. 


Miscellaneous Examples 


© Example 11 A particle is thrown over a triangle from one end of a horizontal 
base and after grazing the vertex falls on the other end of the base. If a and B be 
the base angles and 0 the angle of projection, prove that tan 0 = tan a + tan p. 


Solution The situation is shown in figure. 


From figure, we have 


tan à 4 tan ps 2 4 y 
x R-x 
tana + tan B = yR a0) 
x(R — x) 
Equation of trajectory is 
yon 1 -x] 
[R] 
or, tngo- 2. ...i) 
x(R — x) 
From Eqs. (i) and (ii), we have 
tan 0 = tan a + tanB Hence Proved. 


© Example 12 The velocity of a projectile when it is at the greatest height is 425 
times its velocity when it is at half of its greatest height. Determine its angle of 
projection. 


Solution Suppose the particle is projected with velocity u at an angle 0 with the horizontal. 
Horizontal component of its velocity at all height will be u cos 0. 
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At the greatest height, the vertical component of velocity is zero, so the resultant velocity is 
v, =u cos 0 
At half the greatest height during upward motion, 


y=h2,a, =-g, uy =usind 


: 2. 2 
Using Uy — uy -2a,y : 
we get, v — u? sin? 0 =2 (-g) 5 
242 2 42 2.9 
óf v2 =u? sin? gx sin^O u'sin"0 s dd sin 0 
2g 2 2g 
E mcd sin 0 
ME 
Hence, resultant velocity at half of the greatest height is 
Up =U, + U, 
2:2 
z= je cos? 0+ u sin'8 
2 
i 2 
Given, Wc e 
Up 5 
Ü u” cos” 9 _2 
2 22 
UP 29929 + L 8n 0 5 
2 
1 2 
or —0—- == 
1+ 2 tan?g 5 
or 2+tan?0=5 or tan?0-3 
or tan 0 = V3 
0 260? Ans. 
Example 13 A car accelerating at the rate of 2 m/s? .8 
from rest from origin is carrying a man at the rear end in 


who has a gun in his hand. The car is always moving 

along positive x-axis. At t = 4 s, the man fires a bullet from Q—O6 
the gun and the bullet hits a bird at t 2 8s. The bird has a 
position vector 40i  80j + 40k. Find velocity of projection 
of the bullet. Take the y-axis in the horizontal plane. (g = 10 m/s?) 


Solution Let velocity of bullet be, 
venie beauk 
Att-4s,xcoordinate of caris x, =; at? = Z x2x16=16m 
x-coordinate of bird is x, = 40m 
& Xy =X, + v, (8-4) 
or 40 =16 + 4v, 
v, =6 m/s 
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Similarly, Yo = Ye + Vy (8-4) 

or 80 =0 + 4v, 

or v, =20 m/s 

and 2,54. FU, 6-4-7g6-4* 


or 40 =0 + 4v, - =x 10x16 


or v, =30 m/s 
-. Velocity of projection of bullet 
v = (6i + 20j+ 30k) m/s 


© Example 14 Two inclined planes OA and OB having inclinations 30° and 60° 
with the horizontal respectively intersect each other at O, as shown in figure. A 
particle is projected from point P with velocity u = 1043 m/s along a direction 
perpendicular to plane OA. If the particle strikes plane OB perpendicular at Q. 
Calculate 


—>—| > 


(a) time of flight, 

(b) velocity with which the particle strikes the plane OB, 

(c) height h of point P from point O, 

(d) distance PQ. (Take g =10 m/s?) 

Solution Let us choose the x and y directions along OB and OA respectively. Then, 
uy, = u =10V3 m/s, Uy =0 
a, =- g sin 60° =—5V3 m/s? 

and a, =- g cos 60°=—5 m/s? 
(a) At point Q, x-component of velocity is zero. Hence, substituting in 


Uy, = Uy t at 


0 21048 - 548t 
or t= 1043 =2s Ans. 
543 
(b) At point Q, V=v, =U, + ayt 
v-0- (5)2) 2 - 10 m/s Ans. 


Here, negative sign implies that velocity of particle at Q is along negative y-direction. 
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(c) Distance PO = | displacement of particle along y-direction | =|s,| 


ba 
Here, S, =u,t+ z a,t 


=0-5 (5)2)?=—10m 


PO=10m 
Therefore, h = POsin 30°= (10) (5) 
or h=5m Ans. 


(d) Distance OQ = displacement of particle along x-direction = s, 
Here, 8, =U,t+ : a, t? 
= 1048)Q) - 643)G)? = 10/3 m 
or OQ = 1043 m 
PQ = 4(POY + OQ)’ 
= (10)? + (10V3)? 


= 100 300 = /400 
PQ=20m Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion : A particle follows only a parabolic path if acceleration is constant. 
Reason : In projectile motion path is parabolic, as acceleration is assumed to be constant at 
low heights. 

2. Assertion : Projectile motion is called a two dimensional motion, although it takes place in 
space. 
Reason : In space it takes place in a plane. 

3. Assertion : If time of flight in a projectile motion is made two times, its maximum height will 
become four times. 
Reason : In projectile motion H « T?, where H is maximum height and T the time of flight. 


4. Assertion : A particle is projected with velocity u at angle 45? with ground. Let v be the 
velocity of particle at time t (+ 0), then value of u- v can be zero. 


Reason: Value of dot product is zero when angle between two vectors is 90°. 

5. Assertion: A particle has constant acceleration is x -y plane. But neither of its acceleration 
components (a, and a,)is zero. Under this condition particle cannot have parabolic path. 
Reason : In projectile motion, horizontal component of acceleration is zero. 


Va = Vi 


6. Assertion : In projectile motion at any two positions always remains constant. 


2 


Reason : The given quantity is average acceleration, which should remain constant as 
acceleration is constant. 


7. Assertion : Particle A is projected upwards. Simultaneously particle Bis 
projected as projectile as shown. Particle A returns to ground in 4 s. At the AN, 
same time particle B collides with A. Maximum height H attained by B 
would be 20 m. (g = 10 ms ?) B A 
Reason : Speed of projection of both the particles should be same under the given condition. 


8. Assertion : Two projectiles have maximum heights 4H and H respectively. The ratio of their 
horizontal components of velocities should be 1: 2 for their horizontal ranges to be same. 


Reason: Horizontal range = horizontal component of velocity x time of flight. 


9. 


10. 
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Assertion : If g=10 m/s? then in projectile motion speed of particle in every second will 
change by 10 ms !. 

Reason: Acceleration 1s nothing but rate of change of velocity. 

Assertion: In projectile motion if particle is projected with speed u, then speed of particle at 
height h would be y u? — 2gh. 


Reason: If particle is projected with vertical component of velocity u,. Then vertical 
component at the height h would be + ,/ u? — 2gh 


Objective Questions 
Single Correct Option 


1. 


Identify the correct statement related to the projectile motion. 

(a) It is uniformly accelerated everywhere 

(b) It is uniformly accelerated everywhere except at the highest position where it is moving with 
constant velocity 

(c) Acceleration is never perpendicular to velocity 

(d) None of the above 


- Two bodies are thrown with the same initial velocity at angles 0 and (90? — 0) respectively with 


the horizontal, then their maximum heights are in the ratio 
(3) 1:1 (b) sin0 : cos0 (c) sin?0 : cos?0 (d) cos0 : sin 0 


. The range of a projectile at an angle 0 is equal to half of the maximum range if thrown at the 


same speed. The angle of projection 0 1s given by 
(a) 15? (b) 30? (c) 60? (d) data insufficient 


. A ball is projected with a velocity 20 ms ! at an angle to the horizontal. In order to have the 


maximum range. Its velocity at the highest position must be 
(a) 10 ms! (b) 14 ms! (c) 18 ms! (d) 16 ms! 


. A particle has initial velocity, v= 3i+ 4j and a constant force F = 4i — 3j acts on it. The path of 


the particle is 
(a) straight line (b) parabolic (c) circular (d) elliptical 


. A body is projected at an angle 60? with the horizontal with kinetic energy K. When the velocity 


makes an angle 30? with the horizontal, the kinetic energy of the body will be 


(a) K/2 (b) K/3 (c) 2 K/3 (d) 3 K/4 
. If Tj; and T, are the times of flight for two complementary angles, then the range of projectile R is 
given by 
1 1 
(a) R - Ag, (b) R- 22, () R- : £T; () R=5 gT, 


. A gun is firing bullets with velocity v, by rotating it through 360? in the horizontal plane. The 


maximum area covered by the bullets 1s 


2 2,2 
TU nv 

(a) 2 (b) — 
& 8 


" 2 4 
TUG T^ Uo 


(9 £& (a) 
8 


. À grass hopper can jump maximum distance 1.6 m. It spends negligible time on ground. How 


far can it go in 10/2 s? 
(a) 45 m (b) 30 m (c) 20 m (d) 40 m 
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10. Two stones are projected with the same speed but making different angles with the horizontal. 
Their horizontal ranges are equal. The angle of projection of one is B and the maximum height 


reached by it is 102 m. Then the maximum height reached by the other in metres is 
(a) 76 (b) 84 
(c) 56 (d) 34 


11. A ball is projected upwards from the top of a tower with a velocity 50 ms ! 


making an angle 30? 
with the horizontal. The height of tower is 70 m. After how many seconds from the instant of 
throwing, will the ball reach the ground. (g= 10 ms ?) 

(a) 2s (b) 5s (c) 7s (d) 9 s 

12. Average velocity of a particle in projectile motion between its starting point and the highest 

point of its trajectory 1s (projection speed = u, angle of projection from horizontal = 0) 


(a) u cos (5) 7 V1 + 3 cos? 
(c) ;2 + cos?0 (d) RT + cos?0 


13. A train is moving on a track at 30 ms !. A ball is thrown from it perpendicular to the direction of 
motion with 30 ms ! at 45? from horizontal. Find the distance of ball from the point of projection 
on train to the point where it strikes the ground. 

(a) 90 m (b) 903 m (c) 60 m (d) 6043 m 


14. A body is projected at time ¢ = Ofrom a certain point on a planet's surface with a certain velocity 
at a certain angle with the planet's surface (assumed horizontal). The horizontal and vertical 
displacements x and y (in metre) respectively vary with time t in second as, x = (10 43) t and 
y 210t- t°. The maximum height attained by the body is 
(a) 75 m (b) 100 m 
(c) 50 m (d) 25 m 

15. A particle is fired horizontally from an inclined plane of inclination 30? with horizontal with 
speed 50 ms !. If g = 10 ms ?, the range measured along the incline is 
(a) 500 m (b) 2 m (c) 20042 m (d) 1004/3 m 

16. A fixed mortar fires a bomb at an angle of 53? above the horizontal with a muzzle velocity of 
80 ms !. A tank is advancing directly towards the mortar on level ground at a constant speed of 
5 m/s. The initial separation (at the instant mortar is fired) between the mortar and tank, so 
that the tank would be hit is [Take g = 10 ms ?] 

(a) 662.4 m (b) 526.3 m 
(c) 486.6 m (d) None of these 


Subjective Questions 


1. At time t= 0, a small ball is projected from point A with a velocity of 60 m/s at 60? angle with 
horizontal. Neglect atmospheric resistance and determine the two times ¢, and t, when the 
velocity of the ball makes an angle of 45? with the horizontal x-axis. 

2. A particle is projected from ground with velocity 2042 m/s at 45°. At what time particle is at 
height 15 m from ground? (g - 10 m/s?) 


3. 


4. 


10. 
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A particle is projected at an angle 60° with horizontal with a speed v= 20 m/s. Taking 
g=10 m/s”. Find the time after which the speed of the particle remains half of its initial speed. 


Two particles A and B are projected from ground towards each other with speeds 10 m/s and 
542 m/s at angles 30? and 45? with horizontal from two points separated by a distance of 15 m. 


Will they collide or not? 


5N2 m/s 
10 m/s 


30? 45° 


[4 15m >| 


. Two particles move in a uniform gravitational field with an acceleration g. At the initial 


moment the particles were located over a tower at one point and moved with velocities 
v = 3 m/s and v, = 4 m/s horizontally in opposite directions. Find the distance between the 
particles at the moment when their velocity vectors become mutually perpendicular. 


. A ball is thrown from the ground to clear a wall 3 m high at a distance of 6 m and falls 18 m 


away from the wall. Find the angle of projection of ball. 


. A body is projected up such that its position vector varies with time as r= (311-4 (4t — 512)j) m. 


Here, ¢ is in seconds. Find the time and x-coordinate of particle when its y-coordinate is zero. 


. A particle is projected along an inclined plane as shown in figure. What is the speed of the 


particle when it collides at point A? (g = 10 m/s?) 


. In the above problem, what is the component of its velocity perpendicular to the plane when it 


strikes at A ? 


Two particles A and B are projected simultaneously from two towers of heights 10 m and 20 m 
respectively. Particle A 1s projected with an initial speed of 10/2 m/s at an angle of 45? with 
horizontal, while particle B 1s projected horizontally with speed 10 m/s. If they collide in air, 
what 1s the distance d between the towers? 


10 m/s 


10V2 m/s 


20m 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


A particle is projected from the bottom of an inclined plane of inclination 30° with velocity of 
40 m/s at an angle of 60° with horizontal. Find the speed of the particle when its velocity vector 
is parallel to the plane. Take g = 10 m/s”. 


Two particles A and B are projected simultaneously in the directions shown in figure with 


velocities v4 = 20 m/s and ug = 10 m/s respectively. They collide in air after 2 s. Find 


(a) the angle 0 
(b) the distance x. 


A ball is shot from the ground into the air. At a height of 9.1 m, its velocity is observed to be 
v = 1.61 + 6.1j in metre per second (iis horizontal, jis upward). Give the approximate answers. 
(a) To what maximum height does the ball rise? 

(b) What total horizontal distance does the ball travel? 

(c) What are the magnitude and 

(d) What are the direction of the ball's velocity just before it hits the ground? 


A particle is projected with velocity 24 gh, so that it just clears two walls of equal height A which 


are at a distance of 2h from each other. Show that the time of passing between the walls is 2 i : 
g 


[Hint : First find velocity at height h. Treat it as initial velocity and 2h as the range.] 
A particle is projected at an angle of elevation & and after t second it appears to have an 
elevation of D as seen from the point of projection. Find the initial velocity of projection. 


A projectile aimed at a mark, which is in the horizontal plane through the point of projection, 
falls a cm short of it when the elevation isa and goes b cm far when the elevation 1s D. Show that, 
if the speed of projection is same in all the cases the proper elevation is 
1 . |b sin 2a + a sin 2B 
sın 
a+b 


Two particles are simultaneously thrown in horizontal direction from two points on a 
riverbank, which are at certain height above the water surface. The initial velocities of the 
particles are v, = 5 m/s and v, = 7.5 m/s respectively. Both particles fall into the water at the 
same time. First particle enters the water at a point s = 10 m from the bank. Determine 


(a) the time of flight of the two particles, 

(b) the height from which they are thrown, 

(c) the point where the second particle falls in water. 

A balloon is ascending at the rate v = 12 km/h and is being carried horizontally by the wind at 
U, = 20 km/h. Ifa ballast bag is dropped from the balloon at the instant A = 50 m, determine the 


time needed for it to strike the ground. Assume that the bag was released from the balloon with 
the same velocity as the balloon. Also, find the speed with which the bag strikes the ground? 
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19. A projectile is fired with a velocity u at right angles to the slope, which is inclined at an angle 0 
with the horizontal. Derive an expression for the distance R to the point of impact. 


u 


8 


20. An elevator is going up with an upward acceleration of 1 m/s”. At the instant when its velocity 


is 2 m/s, a stone is projected upward from its floor with a speed of 2 m/s relative to the elevator, 

at an elevation of 30°. 

(a) Calculate the time taken by the stone to return to the floor. 

(b) Sketch the path of the projectile as observed by an observer outside the elevator. 

(c) If the elevator was moving with a downward acceleration equal to g, how would the motion be 
altered? 


21. Two particles A and B are projected simultaneously in a vertical plane as shown in figure. They 
collide at time ¢ in air. Write down two necessary equations for collision to take place. 


> x (m) 


LEVEL 2 


Objective Questions 
Single Correct Option 


1. Two bodies were thrown simultaneously from the same point, one straight up, and the other, at 
an angle of 0 = 30° to the horizontal. The initial velocity of each body is 20 ms !. Neglecting air 
resistance, the distance between the bodies at t = 1.2 later is 
(a) 20 m (b) 30 m 
(c) 24m (d) 50 m 


2. A particle is dropped from a height h. Another particle which is initially at a horizontal distance 
d from the first is simultaneously projected with a horizontal velocity u and the two particles 
just collide on the ground. Then 

2 2 

h 2 2uwh 
ages gainn 
(a) a (b) r 


(c)d=h (d) gd? = u?h 
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3. A ball is projected from point A with velocity 10 ms ‘perpendicular to the 


10. 


. A particle is projected at an angle 60° with speed 10 4/3 m/s, from the 


. A shell fired from the base of a mountain just clears it. If o is the angle of 


907 

inclined plane as shown in figure. Range of the ball on the inclined plane is z 
(a) om O) m () 5m (d) Om 

3 3 3 3 D 

. A heavy particle is projected with a velocity at an angle with the horizontal 

into the uniform gravitational field. The slope of the trajectory of the particle varies as 

8 A E E 

o 5 a T 
(a) oO t (b) O x (c) fe) t (d) o x 


. A particle starts from the origin of coordinates at time ¢ = 0 and moves in the xy plane with a 


constant acceleration o in the y-direction. Its equation of motion is y =x". Its velocity 
component in the x-direction 1s 


(a) variable (b) n © 7 (d) {5 


. A projectile is projected with speed u at an angle of 60° with horizontal from the foot of an 


inclined plane. If the projectile hits the inclined plane horizontally, the range on inclined plane 
will be 


u^ 421 3u? u? J21 u? 
(a) 2g ME MET: (d) Bg 


. i . : . 10V3 M/S 45.5 m/s 
point A, as shown in the figure. At the same time the wedge is made 


to move with speed 1043 m/s towards right as shown in the figure. 30° 60° 
Then the time after which particle will strike with wedge is 
(a) 2s (b) 2 V3 s (c) ^ s (d) None of these 


. A particle moves along the parabolic path x = y? + 2y + 2 in such a way that Y -component of 


velocity vector remains 5 ms ! during the motion. The magnitude of the acceleration of the 
particle is 
(a) 50 ms? (b) 100 ms ? (c) 10 V2 ms? (d) 0.1 ms” 


projection, then the angular elevation of the summit f is 


a zd 1 
a) — tan |— 
(a) ©) tan (3) 
(c) tan! (= z) (d) tan! Q tana) 
In the figure shown, the two projectiles are fired simultaneously. The 2043 m/s 
minimum distance between them during their flight 1s 20 mis 
(a) 20 m 

1 o 
(b) 10 4/3 m 60 ane 
(c) 10m 


(d) None of the above ZONE 
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More than One Correct Options 


1. 


Two particles projected from the same point with same speed u at angles of projection & and B 
strike the horizontal ground at the same point. If ^, and h, are the maximum heights attained 
by the projectile, R is the range for both and ¢, and t, are their times of flights, respectively , 
then 


(@a)a+B=2 (b) R - 4 Jh; (©) 2 = tana (d) tana = " 


2 2 


. A ball is dropped from a height of 49 m. The wind is blowing horizontally. Due to wind a 


constant horizontal acceleration is provided to the ball. Choose the correct statement (s). 
[Take g= 9.8 ms ?] 

(a) Path of the ball is a straight line 

(b) Path of the ball is a curved one 

(c) The time taken by the ball to reach the ground is 3.16 s 

(d) Actual distance travelled by the ball is more then 49 m 


. A particle is projected from a point P with a velocity v at an angle0 with horizontal. At a certain 


point Q it moves at right angles to its initial direction. Then 
(a) velocity of particle at Q is v sin 0 

(b) velocity of particle at Q is v cot0 

(c) time of flight from P to Q is (v/g) cosec0 

(d) time of flight from P to Q is (v/g) sec 


. At a height of 15 m from ground velocity of a projectile is v = (101 + 10j). Here, j is vertically 


upwards and iis along horizontal direction then (g = 10 ms ?) 
(a) particle was projected at an angle of 45? with horizontal 

(b) time of flight of projectile is 4 s 

(c) horizontal range of projectile is 100 m 

(d) maximum height of projectile from ground is 20 m 


. Which of the following quantities remain constant during projectile motion? 


(a) Average velocity between two points (b) Average speed between two points 


dv d?y 
hd d) £X 
e dt i dt? 


. In the projectile motion shown is figure, given t4g = 2s then (g = 10 ms ?) 


A a B 
Bu. B 
20m 40m 


(a) particle is at point Bat 3 s 
(b) maximum height of projectile is 20 m 
(c) initial vertical component of velocity is 20 ms! 


(d) horizontal component of velocity is 20 ms! 
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Comprehension Based Questions 


Passage (Q. Nos. 1 to 2) 


Two inclined planes OA and OB intersect in a horizontal plane u 

having their inclinations a and B with the horizontal as shown in A B 
figure. A particle is projected from point P with velocity u along a P a Q 
direction perpendicular to plane OA. The particle strikes plane OB DO f 
perpendicularly at Q. = — o 


1. Ifa = 30° ,B = 30°, the time of flight from P to Q is 


(a) 5 
& 


43 PE 


o) == 
g g 


(d 
g 


2. Ifa = 30° ,B = 30° and a = 4.9 m, the initial velocity of projection is 
(a) 9.8 ms! (b) 4.9 ms ! (c) 49 V2 ms! 


Match the Columns 


1. Particle-1 is just dropped from a tower. 1 s later particle-2 is thrown from the same tower 


horizontally with velocity 10 ms" 


t=2s. 


(a) 
(b) 
(c) 
(d) 


1 


Column I 
Horizontal displacement between two 
Vertical displacement between two 
Magnitude of relative horizontal component of velocity 
Magnitude of relative vertical component of velocity 


(d) 19.6 ms! 


. Taking g - 10 ms ?, match the following two columns at 


Column II 
(p) 10SI units 
(q) 20 SI units 
(r) 1042 SI units 
(s None of the above 


2. In a projectile motion, given H = z = 20 m. Here, H is maximum height and R the horizontal 


range. For the given condition match the following two columns. 


Column I Column II 
(a) Time of flight (p) 1 
(b) Ratio of vertical component of velocity and horizontal) (q) 2 
component of velocity 
(c) Horizontal component of velocity (in m/s) (r) 10 


(d) Vertical component of velocity (in m/s) 


(s) None of the above 


3. A particle can be thrown at a constant speed at different angles. When it is thrown at 15? with 
horizontal, it falls at a distance of 10 m from point of projection. For this speed of particle match 
following two columns. 


(a) 


(b) 
(c) 
(d) 


Column I 
Maximum horizontal range which can be taken with 
this speed 
Maximum height which can be taken with this speed 
Range at 75? 
Height at 30? 


Column II 
(p 10m 


(qa) 20m 
(r) 15m 
(s) None of the above 
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4. In projectile motion, if vertical component of velocity is increased to two times, keeping 


horizontal component unchanged, then 


(a) 
(b) 
(c) 
(d) 


Column I 
Time of flight 
Maximum height 
Horizontal range 


Angle of projection with 
horizontal 


5. In projectile motion shown in figure. 


/ 


(0) 


Column I 


(b) Average velocity between O and A 


(d) Average velocity between O and B 


(q) 
(x) 


(a) Change in velocity between O and A 


(c) Change in velocity between O and B 


Column II 
will remain same 
will become two times 
will become four times 


None of the above 


Column II 


(p ucos0 

(qd usin0 

(vr) 2usin0 

(s) None ofthe above 


6. Particle-1 is projected from ground (take it origin) at time t = 0, with velocity (301 + 30}) ms 1. 
Particle-2 is projected from (130 m, 75 m) at time £- 1 s with velocity (2034 203) ms. 
Assuming j to be vertically upward and i to be in horizontal direction, match the following two 


columns at t= 2s. 


(a) 
(b) 
(c) 
(d) 


Column I 


horizontal distance between two 
vertical distance between two 


Column II 


(p 30 SI units 
(qa) 40 SI units 


relative horizontal component of velocity between two | (r) 50 SI units 
relative vertical component of velocity between two (s None of the above 


7. The trajectories of the motion of three particles are shown in the figure. Match the entries of 
Column I with the entries of Column II. Neglect air resistance. 


y: 
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Column I Column II 
(a) Time of flight is least for (p) A 
(b) Vertical component of velocity is greatest for (q) B 
(c) Horizontal component of velocity is greatest for (r) C 
(d) Launch speed is least for (s) same for all 


Subjective Questions 


1. Determine the horizontal velocity v, with which a stone must be projected horizontally from a 
point P, so that it may hit the inclined plane perpendicularly. The inclination of the plane with 
the horizontal is 0 and point P is at a height A above the foot of the incline, as shown in the 
figure. 


P 
Vo «——9 


.——— > —— 


2. A particle is dropped from point P at time t= 0. At the same time another particle is thrown 
from point O as shown in the figure and it collides with the particle P. Acceleration due to 
gravity is along the negative y-axis. If the two particles collide 2 s after they start, find the 
initial velocity v, of the particle which was projected from O. Point O is not necessarily on 
ground. 

| yx* - 2m —-eP 


| ; 
0 
Oo >X 


3. Two particles are simultaneously projected in the same vertical plane from the same point with 
velocities u and v at angles a and B with horizontal. Find the time that elapses when their 
velocities are parallel. 


4. A projectile takes off with an initial velocity of 10 m/s at an angle of elevation of 45°. It is just 
able to clear two hurdles of height 2 m each, separated from each other by a distance d. 
Calculate d. At what distance from the point of projection is the first hurdle placed? Take 
8-10 m/s". 


5. A stone is projected from the ground in such a direction so as to hit a bird on the top of a 
telegraph post of height h and attains the maximum height of 2h above the ground. If at the 
instant of projection, the bird were to fly away horizontally with a uniform speed, find the ratio 
between the horizontal velocity of bird and the horizontal component of velocity of stone, if the 
stone hits the bird while descending. 
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6. A particle is released from a certain height H = 400m. Due to the wind, the particle gathers the 
horizontal velocity component v, = ay where a = 45 sand y is the vertical displacement of the 
particle from the point of release, then find 
(a) the horizontal drift of the particle when it strikes the ground, 

(b) the speed with which particle strikes the ground. 
(Take g — 10 m/s?) 

T. A train 1s moving with a constant speed of 10 m/s in a circle of radius 
2 m. The plane of the circle lies in horizontal x-y plane. At time t = 0, 
train 1s at point P and moving in counter-clockwise direction. At this 
instant, a stone is thrown from the train with speed 10 m/s relative to 
train towards negative x-axis at an angle of 37? with vertical z-axis. 
Find P x 
(a) the velocity of particle relative to train at the highest point of its 

trajectory. 
(b) the co-ordinates of points on the ground where it finally falls and that 
of the highest point of its trajectory. 


Take g 210 m/s?, sin 37° = - 


8. A particle is projected from an inclined plane OP, from A with velocity v, = 8 ms ! at an 
angle 60? with horizontal. An another particle is projected at the same instant from B with 
velocity v, = 16 ms ! and perpendicular to the plane OP, as shown in figure. After time 
10/3 s there separation was minimum and found to be 70 m. Then find distance AB. 


9. A particle is projected from point O on the ground with velocity 
u = 545 mls at angle a = tan ! (0.5). It strikes at a point C on a 
fixed smooth plane AB having inclination of 37? with horizontal as 
shown in figure. If the particle does not rebound, calculate 


(a) coordinates of point C in reference to coordinate system as shown 


in the figure. A 
(10/3) m> p 


(b) maximum height from the ground to which the particle rises. 
(g 210 més’). 


10. A plank fitted with a gun is moving on a horizontal surface with speed of 4 m/s along the 
positive x-axis. The z-axis is in vertically upward direction. The mass of the plank including the 
mass of the gun is 50 kg. When the plank reaches the origin, a shell of mass 10 kg is fired at an 
angle of 60° with the positive x-axis with a speed of v= 20 m/s with respect to the gun in 
x-z plane. Find the position vector of the shell at t = 2 s after firing it. Take g = 9.8 m/s”. 


Answers 


Introductory Exercise 7.1 


1. 


o PWN 


42s 


False 
True 


v = (40i + 10j) m/s, s = (80i  40j) m 
t=5s,d=100m, v = (20i - 30j) ms! 


Introductory Exercise 7.2 


1. 


10. 


“No oO PWN 


(a) 2042 m/s at angle tan”! B with horizontal, (b) 100 m. 


Between two points lying on the same horizontal line 
u cosa 
2u sina, downwards 
(a) 80 m, 20 m, 4s (b) (201+ 10 j)ms™ (c) (20 i- 20j) ms? 
(a) 30 ms“ (vertically downwards) (b) 20.62 ms! 
5 ms? 
J2 
(a) J20s (b) 20/20 m (c) 49 m/s, 0- tan! (V5)with horizontal 
No 
a (4 b?) 
2c 


Introductory Exercise 7.3 


1. 1.69s, 39m 

2. 6.31s, 145.71m 

3. 2.31s, 53.33 mm 

4. (a) A vertical straight line (b) A parabola 

5. (a) zero (b) 20 ms™ in horizontal direction (c) 40 m 

6. 60? 

Exercises 

LEVEL 1 


Assertion and Reason 


1.(d  2.(aà  83.(a  4.(b  5.(d  €6.(a  7.(o 


Single Correct Option 


1. (@) 2.(c)  8.(a) 4. (b) 5.(b)  6.(b)  7.(d) 


11. (c) 12.(b) 13.(a) 14. (d) 15. (b) 16. (d) 


8. (a or b) 


8. (c) 


9. (d) 


9. (d) 


10. (b) 


10. (d) 
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Subjective Questions 


1 t,=2.19s, tp = 8205s 2.3sand1s 3. 43s 

4. No 5.2.55m 6. tar! () 
3 

7. time = zero, 0.8 s,x-coordinate = 0, 2.4 m 8. E m/s 9.5 m/s 

10. 20m 11. 20 m/s 12. (a) 30° (b) 5/3 m 
43 
13. (a)11 m, (b) 23 m (c) 16.6 m/s (d) tan! (2), below horizontal 
15, y= P 17. (a) 2s (b) 19.6 m (c) 15 m 
sin (a — p) 


2 
18. 3555,32.7m/s — 19.R5 2" tana seco 
g 


20. (a)0.18 s (c) a straight line with respect to elevator and projectile with respect to ground 


21. (u,cos 0; + u cos 02)t = 20 ...(i) (u sin; — Uy sin02) t 2 10 ...(ii) 
LEVEL 2 
Single Correct Option 
1.() 2. (b) 3. (a) 4. (a) 5. (d) 6. (d) 7. (a) 8. (a) 9. (c) 10. (b) 


More than One Correct Options 
1. (all) 2. (a,c,d) 8. (b,c) 4.(b,d)  5.(cd) 6. (all) 


Comprehension Based Questions 
1.(b 2. (a) 


Match the Columns 


1. (a) >(p), (b) >(s), (c) =>(p), (d) >(p) 2. (a) >(s), (b) >(q), (c) >(r), (d) =>(s) 
3. (8)—(9). (b) >(p), (c) =>(p), (d) =(s) 4. (a) >(q), (b) >(r), (c) >(a), (d) >(8) 
5. (a)>(q), (b) >(s), (c) =(r), (d) >) 6. (a) =>(r), (b) (0. (c) =>(r), (d) =>(s) 


7. (a) >(s), (b) >(s), (c) =>(r), (d) >(P) 
Subjective Questions 


1. E ee 2. J26 ms™! at angle 9 = tan! (5) with x-axis 
2+ cot^ 0 


"uu uv sin (œ — D) 4. 4.47 m, 2.75 m 
g (v cos B - u cos a) 


2 
5. — = 6. (a) 2.67 km (b) 0.9 km/s 
4241 (8) (b) 
7. (a) (-6 i+10 i) ms" (b) (-4.5 m, 16 m, 0), (0.3 m, 8.0 m, 3.2 m) 
8. 250m 9. (a) (5 m, 1.25 m) (b) 4.45 m 


10. [24 i4 15 k] m 


Laws of Motion 


Chapter Contents 


8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 


Types of Forces 

Free Body Diagram 
Equilibrium 

Newton's Laws of Motion 
Constraint Equations 
Pseudo Force 

Friction 


8.1 Types of Forces 


There are basically three forces which are commonly encountered in mechanics. 


Field Forces 


These are the forces in which contact between two objects is not necessary. Gravitational force 
between two bodies and electrostatic force between two charges are two examples of field forces. 
Weight (w= mg) of a body comes in this category. 


Contact Forces 


Two bodies in contact exert equal and opposite forces on each other. If the contact is frictionless, the 
contact force is perpendicular to the common surface and known as normal reaction. 


If, however the objects are in rough contact and move (or have a tendency to move) relative to each 
other without losing contact then frictional force arise which oppose such motion. Again each object 
exerts a frictional force on the other and the two forces are equal and opposite. This force is 
perpendicular to normal reaction. Thus, the contact force (F ) between two objects is made up of two 


forces. 
Fj4— B | 
Fig. 8.1 
(i) Normal reaction (N) (ii) Force of friction (f ) 


and since these two forces are mutually perpendicular. 


F-4N?^«f? 
Note In this book normal reaction at most of the places has been represented by N. But at some places, it is also 
represented by R. This is because N is confused with the SI unit of force newton. 
Consider two wooden blocks A and B being rubbed against each other. 


In Fig. 8.1, A is being moved to the right while B is being moved leftward. In order to see more clearly 
which forces act on A and which on B, a second diagram is drawn showing a space between the blocks 


but they are still supposed to be in contact. 
A 


Eu. 
ji^ r Fo -«—— N 
i B 


Fig. 8.2 


In Fig. 8.2, the two normal reactions each of magnitude N are perpendicular to the surface of contact 
between the blocks and the two frictional forces each of magnitude fact along that surface, each in a 
direction opposing the motion of the block upon which it acts. 


Note Forces on block B from the ground are not shown in the figure. 
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Attachment to Another Body 


Tension (T) in a string and spring force (F = kx) come in this group. Regarding the tension and 
string, the following three points are important to remember: 


1. If a string is inextensible the magnitude of acceleration of any number of masses connected 
through the string is always same. 


— a 
= 

M m —-F 

Fig. 8.3 


2. Ifastring is massless, the tension in it is same everywhere. However, ifa string has a mass and it is 
accelerated, tension at different points will be different. 


3. If pulley is massless and frictionless, tension will be same on both sides of the pulley. 
zo nh E 


>< 
m 2 Z 
T v T2 T3 
Li 
T |^ To ^74 
MJ M, M, 

String and pulley are massless String is massless but String and pulley are not massless and 
and there is no friction between pulley is not massless there is a friction between pulley and string 
pulley and string and frictionless 


Fig. 8.4 
Spring force (F = kx) has been discussed in detail in the chapter of work, energy and power. 


Hinge Force 


In the figure shown there is a hinge force on the rod (from the hinge). There are two methods of 
finding a hinge force : 


S, Ling 


7 
n Rod 


Fig. 8.5 


(i) either you find its horizontal (H) and vertical (V) components 
(ii) or you find its magnitude and direction. 
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© Extra Points to Remember 


e Normal reaction is perpendicular to the common tangent direction and always acts towards the body. It is 
just like a pressure force (F = PA) which is also perpendicular to a surface and acts towards it. 


For example 


Nz 


Ladder 
Wall 


Ground 
Fig. 8.6 
Normal reaction on ladder from ground is N, and from wall is N3. 
e Tension in a string is as shown in Fig. 8.7. 
In the figure : 
T, goes to block A (force applied by string on block A). 
T, and T, to pulley P, 
T,, T; and T; to pulley P, 
Tg to block B and 
Tę to roof 
If string and pullies are massless and there is no friction in the pullies, 
then 


T,=1,=1,=1,=T,=T, and T,=T, 
e Ifa string is attached with a block then it can apply force on the block only 
in a direction away from the block (in the form of tension). 


T 


String attached with a block 
Fig. 8.8 


If the block is attached with a rod, then it can apply force on the block in both directions, towards the block 
(may be called push) or away from the block (called pull) 


be 


Rod attached with a block 
Fig. 8.9 
e All forces discussed above make a pair of equal and opposite forces acting on two different bodies 
(Newton's third law). 


8.2 Free Body Diagram 


No system, natural or man made, consists of a single body alone or is complete in itself. A single body 
or a part of the system can, however be isolated from the rest by appropriately accounting for its effect 
on the remaining system. 


A free body diagram (FBD) consists of a diagrammatic representation of a single body or a 
sub-system of bodies isolated from its surroundings showing all the forces acting on it. 
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Consider, for example, a book lying on a horizontal surface. 


A free body diagram of the book alone would consist of its weight (w = mg), acting through the centre 
of gravity and the reaction (N ) exerted on the book by the surface. 


N 
Mass of book = m 


w- mg 
Fig. 8.10 


© Example 8.1 A cylinder of weight W is resting on a V-groove as shown in 
figure. Draw its free body diagram. 


Fig. 8.11 


Solution The free body diagram of the cylinder is as shown in Fig. 8.12. 
Here, w = weight of cylinder and N} and N, are the normal reactions between 


N. 
the cylinder and the two inclined walls. No 


Fig. 8.12 
© Example 8.2 Three blocks A, B and C are placed one over the 
other as shown in figure. Draw free body diagrams of all the three blocks. 


4 | 
B 
= S 
Fig. 8.13 


Solution Free body diagrams of A, B and C are shown below. 
LY |n 
Em be] t] 
T D n 
FBD of A FBD of B FBD of C 
Fig. 8.14 
Here, MN, = normal reaction between A and B 
N, = normal reaction between B and C 


and N, = normal reaction between C and ground. 


266 © Mechanics - I 


© Example 8.3 A block of mass m is attached with two strings as shown in 
figure. Draw the free body diagram of the block. 


Fig. 8.15 
Solution The free body diagram of the block is as shown in Fig. 8.16. 


mg 
Fig. 8.16 


8.3 Equilibrium 


Forces which have zero resultant and zero turning effect will not cause any change in the motion of 
the object to which they are applied. Such forces (and the object) are said to be in equilibrium. For 
understanding the equilibrium of an object under two or more concurrent or coplanar forces let us first 
discuss the resolution of force and moment of a force about some point. 


Resolution of a Force 


When a force is replaced by an equivalent set of components, it is said to be resolved. One of the most 
useful ways in which to resolve a force is to choose only two components (although a force may be 
resolved in three or more components also) which are at right angles also. The magnitude of these 
components can be very easily found using trigonometry. 


F B 
Fo 
0 
F, A 
Fig. 8.17 


In Fig. 8.17, F, =F cos0 «component of F along AC 
F, =F sin0 = component of F perpendicular to AC or along AB 


Finding such components is referred to as resolving a force in a pair of perpendicular directions. Note 
that the component of a force in a direction perpendicular to itself is zero. For example, if a force of 
10 N is applied on an object in horizontal direction then its component along vertical is zero. 
Similarly, the component of a force in a direction parallel to the force is equal to the magnitude of the 
force. For example component ofthe above force in the direction of force (horizontal) will be 10 N. 


In the opposite direction the component is —10 N. 
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© Example 8.4 Resolve a weight of 10 N in two directions which are parallel and 
perpendicular to a slope inclined at 30? to the horizontal. 


Solution Component perpendicular to the plane 


w, =wcos 30° 


-00 B=55N 80w, 


and component parallel to the plane 


wj = wsin 30° = IEEE 


6 Example 8.5 Resolve horizontally and vertically a force F 2 8 N which makes 
an angle of 45? with the horizontal. 


Solution Horizontal component of F is Fy 
1 
Fy =F cos 45°= (8) Cx) 
" V2 

=4/2N 

and vertical component of Fis Fp = F sin 45? 
1 
= (8) EJ -442N Fig. 8.19 
V2 


© Example 8.6 A body is supported on a rough plane inclined at 30° to the 
horizontal by a string attached to the body and held at an angle of 30? to the 
plane. Draw a diagram showing the forces acting on the body and resolve each 
of these forces 
(a) horizontally and vertically, 
(b) parallel and perpendicular to the plane. 
Solution The forces are 
The tension in the string T 
The normal reaction with the plane N 
The weight of the body w and the friction f 
(a) Resolving horizontally and vertically Fig. 8.20 
T sin 60°_ 


f cos 30° Ns---4Nsin 60° m g 


f f sin 30° 
N cos 60? T cos 60° 


Fig. 8.21 
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Resolving horizontally and vertically in the senses OX and OY as shown, the components are 


Force 


Eom 


Force 


al 


Y 
Components 
Parallel to OX (horizontal) Parallel to OY (vertical) 
—f cos 30° -f sin 30° 
—N cos 60° N sin 60° 
T cos 60° T sin 60° x 
(0) 
0 —w 
f . Fig. 8.22 
(b) Resolving parallel and perpendicular to the plane 
N 
f w cos 30° 


Fig. 8.23 


Resolving parallel and perpendicular to the plane in the senses OX’ and OY’ as shown, the 
components are : 


Components X 
Parallel to OX' (parallel to plane) Parallel to OY' (perpendicular to plane) 
=f 0 
0 N Ó 
T cos 30? T sin 30° Fig. 8.24 
—w sin 30? —wcos 30? 


Moment of a Force 
The general name given to any turning effect is torque. The magnitude of torque, also known as the 
moment of a force F is calculated by multiplying together the magnitude of the force and its 
perpendicular distance r, from the axis of rotation. This is denoted by C or (tau). 


le. 


C-Fr or t-Fr, 


Direction of Torque 
The angular direction of a torque is the sense of the rotation it would 


cause. 


Consider a lamina that is free to rotate in its own plane about an axis 
perpendicular to the lamina and passing through a point A on the c e 
lamina. In the diagram the moment about the axis of rotation of the 
force F} is Fr, anticlock-wise and the moment of the force F, is Fan 
clockwise. A convenient way to differentiate between clockwise and 


anticlock-wise torques is to allocate a positive sign to one sense 
(usually, but not invariably, this is anticlockwise) and negative sign to 


Fig. 8.25 


the other. With this convention, the moments of F; and F, are + Fir 
and —7r, (when using a sign convention in any problem it is advisable 
to specify the chosen positive sense). 
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Zero Moment 


If the line of action of a force passes through the axis of rotation, its perpendicular distance from the 
axis is zero. Therefore, its moment about that axis is also zero. 


Note Later in the chapter of rotation we will see that torque is a vector quantity. 


$ , in, 4N 
© Example 8.7 ABCD is a square of side 2 m and O is its D C 
centre. Forces act along the sides as shown in the diagram. 
Calculate the moment of each force about 3N 5N 
(a) an axis through A and perpendicular to the plane of square. , B 
(b) an axis through O and perpendicular to the plane of square. 2N 
Solution Taking anticlockwise moments as positive we have: Rig 8-20 
(a) Magnitude of force 2N 5N 4N 3N 
Perpendicular distance from A 0 2m 2m 0 
Moment about A 0 .-ioNm +8N-m_ T - 
(b) Magnitude of force 2N 5N 4N 3N 
Perpendicular distance from O 1m 1m 1m 1m 
Moment about O +2N-m “5 Nm +4N-m -3 Nm 


© Example 8.8 Forces act as indicated on a rod AB which is pivoted at A. Find 
the anticlockwise moment of each force about the pivot. 


3F 
2p 
30° 
A B 
F 
me à >e à > 2a >| 
Fig. 8.27 
Solution / 
"us 
o AL s 
Y `s `S. 
O ~ 3F 
v 2F 
/ 30° 
A B 
F 
Fig. 8.28 
Magnitude of force 25 Ig 3F 
Perpendicular distance from A a 2a 4a sin 30° = 2a 
Anticlockwise moment about A +2 Fa -2 Fa +6 Fa 
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Coplanar Forces in Equilibrium 
When an object is in equilibrium under the action of a set of two or more coplanar forces, each of three 
factors which comprise the possible movement of the object must be zero, i.e. the object has 
(1) no linear movement along any two mutually perpendicular directions OX and OY. 
(ii) no rotation about any axis. 
The set of forces must, therefore, be such that 
(a) the algebraic sum of the components parallel to OX is zero or £F, =0 
(b) the algebraic sum of the components parallel to OY is zero or LF’, =0 
=0 


(c) the resultant moment about any specified axis is zero or Zt any axis 


Thus, for the equilibrium of a set of two or more coplanar forces 
XF,-0 


ede and PX =0 


any axis 


Using the above three conditions, we get only three set of equations. So, in a problem number of 
unknowns should not be more than three. 


¥ 


© Example 8.9 A rod AB rests with the end A on rough 
horizontal ground and the end B against a smooth vertical wall. 
The rod is uniform and of weight w. If the rod is in equilibrium 
in the position shown in figure. Find 
(a) frictional force at A 
(b) normal reaction at A 
(c) normal reaction at B. 


Solution Let length of the rod be 2/. Using the three conditions of Y 
equilibrium. Anticlockwise moment is taken as positive. B Ng 
0) EFy =0 2 & Ng=fa=0 

or Ng= fa ..(i) Na 
(i) EF,20 > = N,-w=0 A 

a NV, X 

or N,=w a(i) O fa 

(iii) Eto =0 Fig. 8.30 
N 4, (2lcos 30° ) - N g (2l sin 30? ) — w(Icos 30° )= 0 
or J3N , - Ns -2 uo ...(iii) 


Solving these three equations, we get 
43 43 
(a) fa pic aa (b Na =w (c) Ng UM 
Exercise : What happens to N ,, Ng and f, if (a) Angle 0 230? is slightly increased, 


(b) A child starts moving on the ladder from A to B without changing the angle 0. 
Ans (a) Unchanged, decreases, decrease, (b) Increases, increase, increase 
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Equilibrium of Concurrent Coplanar Forces 
If an object is in equilibrium under two or more concurrent coplanar forces the algebraic sum of the 
components of forces in any two mutually perpendicular directions OX and OY should be zero, i.e. the 
set of forces must be such that 
(i) the algebraic sum of the components parallel to OX is zero, i.e. UF. =0. 
(ii) the algebraic sum of the components parallel to OY is zero, i.e. YF’, =0. 
Thus, for the equilibrium of two or more concurrent coplanar forces 
XF.-0 
YF, =0 
The third condition of zero moment about any specified axis is automatically satisfied if the moment 


is taken about the point of intersection of the forces. So, here we get only two equations. Thus, 
number of unknown in any problem should not be more than two. 


6 Example 8.10 An object is in equilibrium under four concurrent forces in the 
directions shown in figure. Find the magnitudes of F, and F3. 


Fig. 8.31 
Solution The object is in equilibrium. Hence, 
(i) EF, =0 
8+ 4cos 60? — F, cos 30° = 0 
or 8+2-F, x5 -0 
2 
20 
or E--— 
43 
.. Fig. 8.32 
(i) EF, =0 
F, + 4sin 60° — F, sin 30° = 0 
F. 
or Fi + 4V3 --—220 
2 2 
F 
or Rex .248 
2 43 
4 
or F,2—N 
' 48 


272 © Mechanics - I 


Lami’s Theorem 
Ifan object O is in equilibrium under three concurrent forces F,, F, and F, as shown in figure. Then, 
Py RR P8 
sina sinB siny 
F2 


Y 
a Fi 
p 
F5 
Fig. 8.33 


This property of three concurrent forces in equilibrium is known as Lami's theorem and is very 
useful method of solving problems related to three concurrent forces in equilibrium. 


© Example 8.11 One end of a string 0.5 m long is A 
fixed to a point A and the other end is fastened to a 
small object of weight 8 N. The object is pulled 
aside by a horizontal force F, until it is 0.3 m from B 
the vertical through A. Find the magnitudes of the 
tension T in the string and the force F. 


Solution AC=0.m, BC= 0.3m 8N 
2 AB=0.4m pieces 
and if ZBAC =8. 
Then ese aa 

AC 05 5 
and sino = 2€ -03-3 


Here, the object is in equilibrium under three concurrent forces. 
So, we can apply Lami’s theorem. 


" F - 8 EN. 
sin (180? —0) sin(90?—-0) sin 90° 
i T i 
eee ee Fig. 8.35 
T= 8.8. 10N 
cos0 45 
and F- Bun. (UN. 6N Ans. 


cos 0 (4/5) 


Chapter 8 Laws of Motion * 273 


© Example 8.12 The rod shown in figure has a mass of 2 kg and length 4 m. In 
equilibrium, find the hinge force (or its two components) acting on the rod and 


tension in the string. Take g = 10 m/s”, sin 37° = É and cos 37? = B 


String 
Hinge > [^x 
Fig. 8.36 
Solution 
T 
V 
37° 
H 
w 
Fig. 8.37 


In the figure, only those forces which are acting on the rod has been shown. Here H and V are 


horizontal and vertical components of the hinge force. 
| 
Xx 


V T sin 37°= 0.6T 


2m Tcos 37° 


= 0.8T 
20 N 
Fig. 8.38 
XF.=0 2 H-08T=0 +0) 
LF, =0 = V+0.6T-20=0 ...(ii) 
to =0 


= Clockwise torque of 20 N = anticlock-wise torque of 0.6 T. 


All other forces (H, V and 0.8 T pass through O, hence their torques are zero). 


20x 2=0.6T x 4 (iii) 
Solving these three equations, we get 
T 216.67 N, 
H=13.33N 


and V=10N Ans. 
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Hinge force (F) 


V=10 Np ---------- VF 
B !H = 13.33 N 
Fig. 8.39 
F = (13.33)? + (10 =16.67N 
10 
tan 0 = —— 
13.33 
0-tan^! 10 )- 3 
13.33 
INTRODUCTORY EXERCISE 


1. The diagram shows a rough plank resting on a cylinder with one end of the 
plank on rough ground. Neglect friction between plank and cylinder. Draw 
diagrams to show 


(a) the forces acting on the plank, 
(b) the forces acting on the cylinder. Fig. 8.40 


Ans. 


Ans. 


2. Two spheres A and B are placed between two vertical walls as shown in figure. Friction is 


absent everywhere. Draw the free body diagrams of both the spheres. 


Fig. 8.41 


3. A point A on a sphere of weight w rests in contact with a smooth vertical wall and is 
supported by a string joining a point B on the sphere to a point C on the wall. Draw 
free body diagram of the sphere. 


4. A rod AB of weight w, is placed over a sphere of weight w, as A 
shown in figure. Ground is rough and there is no friction between 
rod and sphere and sphere and wall. Draw free body diagrams of 
sphere and rod separately. Wall 


Note No friction will act between sphere and ground, think why ? 
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5. A rod OA is suspended with the help of a massless string AB as shown 


10. 


11. 


in Fig. 8.44. Rod is hinged at point O. Draw free body diagram of the (0) 
rod. 


A rod AB is placed inside a rough spherical shell as shown in Fig.8.45. Fig. 8.44 
Draw the free body diagram of the rod. 


Fig. 8.45 


Write down the components of four forces F,, Fz, F; and F, along ox and oy directions as shown in 


Fig. 8.46. 
a F4 - 4N 


F4 - AN 


F5 = 6N 
Fig. 8.46 


All the strings shown in figure are massless. Tension in the horizontal string is 30 N. Find W. 


Fig. 8.47 


The 50 kg homogeneous smooth sphere rests on the 30° incline A 
and against the smooth vertical wall B. Calculate the contact forces ^ A 
at A and B. B 


In question 3 of the same exercise, the radius of the sphere is a. The length of the string is also 
a. Find tension in the string. 

A sphere of weight w = 100 N is kept stationary on a rough inclined plane 
by a horizontal string AB as shown in figure. Find 

(a) tension in the string, 

(b) force of friction on the sphere and 

(c) normal reaction on the sphere by the plane. 
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8.4 Newton's Laws of Motion 


It is interesting to read Newton 's original version of the laws of motion. 


Law | Every body continues in its state of rest or in uniform motion in a straight line unless it is 
compelled to change that state by forces impressed upon it. 


Lawll The change of motion is proportional to the magnitude of force impressed and is made in the 
direction of the straight line in which that force is impressed. 


Law lll, To every action there is always an equal and opposite reaction or the mutual actions of two 

bodies upon each other are always directed to contrary parts. 

The modern versions of these laws are: 

1. A body continues in its initial state of rest or motion with uniform velocity unless acted on by an 
unbalanced external force. 

2. The acceleration of a body is inversely proportional of its mass and directly proportional to the 
resultant external force acting on it, i.e. 


= = _ net 
LF=F «5m a or ern 


3. Forces always occur in pairs. If body A exerts a force on body B, an equal but opposite force is 
exerted by body B on body A. 


Working with Newton's First and Second Laws 

Normally any problem relating to Newton 's laws is solved in following four steps: 

1. Firstofall we decide the system on which the laws of motion are to be applied. The system may be 
a single particle, a block or a combination of two or more blocks, two blocks connected by a 
string, etc. The only restriction is that all parts of the system should have the same acceleration. 

2. Once the system is decided, we make the list of all the forces acting on the system. Any force 
applied by the system on other bodies is not included in the list of the forces. 

3. Then we make a free body diagram of the system and indicate the magnitude and directions of all 
the forces listed in step 2 in this diagram. 

4. In the last step we choose any two mutually perpendicular axes say x and y in the plane of the 
forces in case of coplanar forces. Choose the x-axis along the direction in which the system is 
known to have or is likely to have the acceleration. A direction perpendicular to it may be chosen 
as the y-axis. If the system is in equilibrium any mutually perpendicular directions may be chosen. 
Write the components of all the forces along the x-axis and equate their sum to the product of the 
mass of the system and its acceleration, i.e. 

XF.-ma .--(i) 
This gives us one equation. Now, we write the components of the forces along the y-axis and 
equate the sum to zero. This gives us another equation, i.e. 
LXF,-0 ...(ii) 
Note (i) If the system is in equilibrium we will write the two equations as 
ZF =0 and EF,20 
(i) If the forces are collinear, the second equation, i.e. LF, = 0 is not needed. 
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© Extra Points to Remember 


* lfaisthe acceleration of a body, then ma force does not act on the body but this much force is required to 
provide a acceleration to the body. The different available forces acting on the body provide this ma force 
or, we can say that vector sum of all forces acting on the body is equal to ma. The available forces may be 
weight, tension, normal reaction, friction or any externally applied force etc. 

e |f all bodies of a system has a common acceleration then that common acceleration can be given by 

Dc Net pulling/pusing force _ NPF 
Total mass TM 


Net pulling/pushing force (NPF) is actually the net force. 
Example Suppose two unequal masses m and 2mare attached to the ends of a 
light inextensible string which passes over a smooth massless pulley. We have to 
find the acceleration of the system. We can assume that the mass 2m is pulled 
downwards by a force equal to its weight, i.e. 2mg. Similarly, the mass m is being 
pulled by a force of mg downwards. Therefore, net pulling force on the system is 
2mg — mg = mg and total mass being pulled is 2m + m= 3m. 
Acceleration of the system is 
Net pulling force _ hune _G) 
Total mass to be pulled 3m 3 


Note While finding net pulling force, take the forces (or their components) which are in the direction of 
motion (or opposite to it) and are single (Le. they are not forming pair of equal and opposite 
forces). For example weight (mg) or some applied force F. Tension makes an equal and opposite 
pair. So, they are not to be included, unless the system in broken at some place and only one 
tension is considered on the system under consideration. 


e After finding that common acceleration, we will have to draw free body diagrams of different blocks to find 
normal reaction or tension etc. 


© Example 8.13 Two blocks of masses 4 kg and 2 kg are 
placed side by side on a smooth horizontal surface as 
shown in the figure. A horizontal force of 20 N is 
applied on 4 kg block. Find 
(a) the acceleration of each block. 
(b) the normal reaction between two blocks. 


20N 


Fig. 8.51 


Solution (a) Both the blocks will move with same acceleration (say a) in horizontal direction. 


| p y 
20N; | | | 
1 a x 
Fig. 8.52 


Let us take both the blocks as a system. Net external force on the system is 20 N in horizontal 
direction. 


Using XF.-ma, 
20- (4+ 2)a = 6a 
10 


Or a= ES m/s? Ans. 
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Alternate Method 
. Net pushing force 20 — 10 > 
Total mass 4+2 3 


(b) The free body diagram of both the blocks are as shown in " 8.53. 


20 N 
——— 4kg |——— Tæ | 
X 


— J 

Fig. 8.53 
Using EF, = ma, 
For 4 kg block, 20-N- 4a=4x 

N=20- a9 = 29 newton Ans. 

3 3 
This can also be solved as under 
For 2 kg block, N=2a=2x - = = newton 


Here, N is the normal reaction between the two blocks. 


Note In free body diagram of the blocks we have not shown the forces acting on the blocks in vertical direction, 
because normal reaction between the blocks and acceleration of the system can be obtained without using 
=F, =0. 

y 


© Example 8.14 Three blocks of masses 3 kg, 2 kg and 1 kg are placed side by 
side on a smooth surface as shown in figure. A horizontal force of 12 N is 
applied on 3 kg block. Find the net force on 2 kg block. 


12N | | 
—— 3kg 2kg 1kg 


Fig. 8.54 


Solution Since, all the blocks will move with same acceleration (say a) in horizontal direction. 
Let us take all the blocks as a single system. 


OUT TET TET [ y 
12N } m ; 
T 
— 3kg | 2kg|1kg| | " 
— a 
Fig. 8.55 
Net external force on the system is 12 N in horizontal direction. 
Using XF.-ma,, 
we get, 122 (34 2+ l)a = 6a 
12 


or a=—=2 ms? 
6 
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Alternate Method 
zc Net pushing force —— 12 
Total mass 34+24+1 


- 2 m/s? 


Now, let F be the net force on 2 kg block in x-direction, then using EF, = ma, for 2 kg block, 
we get 
F=(2)(2)=4N Ans. 
Note Here, net force F on 2 kg block is the resultant of N, and N, (N4 > N3) 
where, N, = normal reaction between 3 kg and 2 kg block, 


and N, = normal reaction between 2 kg and 1 kg block. 
Thus, F=N,-N, 


© Example 8.15 In the arrangement 
shown in figure. The strings are light and 4kg | E dts: F=14N 
inextensible. The surface over which 


blocks are placed is smooth. Find 


(a) the acceleration of each block, Fig. 5.56 
(b) the tension in each string. 
Solution (a) Let abe the accelera- y 
; Ak T2 T F=14N 
tion of each block and T, and T, be the I fx kg} > ik 
tensions, in the two strings as shown in y 
figure. Fig. 8.57 
Taking the three blocks and the 
two strings as the system. 
a 
— 
! 4kg = aol- — m ! ‘ IN 
rre Fig 858 — 
Using  EF,-ma, or 14=(4+2+l)a or 22-2 m/s? Ans. 
Alternate Method 
2 Net pulling force "m _ Jas 
Total mass 4-241 


(b) Free body diagram (showing the forces in x-direction only) of 4 kg block and 1kg block are 
shown in Fig. 8.59. 


a-2m/s? a-2m/s? y 


— — 
Ta Rh F=14N 
4kg |—— ——— kg x 


Fig. 8.59 
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Using EF, = ma, 
For 1 kg block, F - T, - (Da) 
or 14- T, =(1)(2)=2 
T, =14-2=12N Ans. 
For 4 kg block, T, = (4)(a) 
i T, =(4)2)=8N Ans. 
© Example 8.16 Two blocks of masses 4 kg and 2 kg are attached | F=120N 
by an inextensible light string as shown in figure. Both the blocks 
are pulled vertically upwards by a force F = 120 N. Find ^s 


(a) the acceleration of the blocks, 
(b) tension in the string. (Take g = 10 m/s”). 


2kg 


Solution (a) Let a be the acceleration of the blocks and 7 the tension in the Fig. 8.60 
string as shown in figure. 
| F 2 120N 


4 kg |. 
^r x 


2kg 


Fig. 8.61 

Taking the two blocks and the string as the system shown in figure Fig. 8.62. | F =120N 
Using EF, = ma,, we get oe c | n 

F — 4g — 2g = (4 + 2)a 149 g 
or 120-40-20-6a or 60=6a 3 | | 

a=10 ms? Ans. 

Alternate Method | 2a $ | 

= Net pulling force n 120- 60 Se Fig. 8.62 

Total mass 4+2 
K =120N 


/ \ 


4kg| ^ [n 
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(b) Free body diagram of 2 kg block is as shown in Fig. 8.64. 


——— 4 


Using EF,-ma, 
we get, T — 2g = 2a 2kg fa 
or T — 20= (2)(10) 
T=40N Ans. 
29 
Fig. 8.64 


© Example 8.17 In the system shown in figure pulley is smooth. String is 
massless and inextensible. Find acceleration of the system a, tensions T, and T... 
(g 210 m/s?) 


Fig. 8.65 
Solution Here, net pulling force will be 


Weight of 4 kg and 6 kg blocks on one side — weight of 2 kg block on the other side. Therefore, 
m Net pulling force 


Total mass 
_ (6X 10)+ (4x10) - (2)(10) rs 
6+4+2 a | 
- = m/s? Ans. | 2 kg 
For 7; , let us consider FBD of 2 kg block. Writing equation of motion, we get NN 
T, —20=2a or y 22x o. 0 Ans. To 
3 3 7 
For 75, we may consider FBD of 6 kg block. Writing equation of motion, we get | 6 kg 
60 — T, = 6a 
T, = 60- 6a= 60~ 6{ 2) We = 60 N 
3 Fig. 8.66 
= Eds N Ans. 
3 


Exercise: Draw FBD of 4 kg block. Write down the equation of motion for it and 
check whether the values calculated above are correct or not. 
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© Example 8.18 In the system shown in figure all surfaces are smooth. String is 
massless and inextensible. Find acceleration a of the system and tension T in 
the string. (g = 10 m/s?) 


—a 


2 kg 


4 


B4)? 


Fig. 8.67 


Solution Here, weight of 2 kg is perpendicular to motion (or a). Hence, it will not contribute 
in net pulling force. Only weight of 4 kg block will be included. 
ee Net pulling force 


Total mass 
= (4X10) _ 20 nis? Ans. T 
(4-2) 3 | 
For T, consider FBD of 4 kg block. Writing equation of motion. 4 kg | 
40— T = 4a 
T = 40— 4a W, = 40 N 
= 40-4 (2 = T N Ans. Fig. 8.68 


Exercise: Draw FBD of 2 kg block and write down equation of motion for it. 
Check whether the values calculated above are correct or not. 


© Example 8.19 In the adjacent figure, masses of > 
A, Band Care 1 kg, 3 kg and 2 kg respectively. v4 X; 
Find Q 
, r4 


(a) the acceleration of the system and = 
(b) tensions in the strings. ; 60° 305 
Neglect friction. (e = 10 m/s 

Beet G ) Fig. 8.69 


Solution (a) In this case net pulling force 


=m,g sin 60° + mgg sin 60? — meg sin 30° 
= TES + (3)(10) d = (2)(10) ( 


= 24.64 N 


Total mass being pulled = 1+ 3+ 2= 6 kg 


-~ Acceleration of the system a = 2d - 4.1 m/s” Ans. 
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(b) For the tension in the string between A and B. T 

FBD of A 2 

m,g sin 60? — T, = (m, (a) "/ A 

7 T, =m, gsin 60°—m, a rA 
=m, (g sin 60? — a) mA d sin 60° 

Ti "opua Fig. 8.70 

—4.56N Ans. 

For the tension in the string between B and C. 

FBD of C T, 

| CN 
T, — meg sin 30° = mca 


C 
T, = mc (a + g sin 30? ) OS 
1 mc g sin 30? 


=18.2N Ans. 

INTRODUCTORY EXERCISE 
1. Three blocks of masses 1 kg, 4 kg and 2 kg are placed On 420N p 50N 

a smooth horizontal plane as shown in figure. Find — ikg 9 | 2kg 

(a) the acceleration of the system, 

(b) the normal force between 1 kg block and 4 kg block, Fig. 8.72 

(c) the net force on 2 kg block. 
2. In the arrangement shown in figure, find the ratio of tensions in the strings 


attached with 4 kg block and that with 1 kg block. 


Two unequal masses of 1 kg and 2 kg are connected by an inextensible light =~~ 
string passing over a smooth pulley as shown in figure. A force F =20N is 
applied on 1 kg block. Find the acceleration of either block. (g =10 m/s?). | 
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4. In the arrangement shown in figure what should be the mass of y 


block A, so that the system remains at rest? Neglect friction and 
mass of strings. 2kg 


| 
2ko] 


5. Two blocks of masses 2 kg and 4 kg are released from rest over a smooth inclined plane of 
inclination 30° as shown in figure. What is the normal force between the two blocks? 


NS) 
D 


Fig. 8.75 


30° 
Fig. 8.76 
6. What should be the acceleration a of the box shown in Fig. 8.77 so that the 
block of mass m exerts a force mg, on the floor of the box? Ja 
A 
Fig. 8.77 


T. Inthe figure shown, find acceleration of the system and tensions T}, T; and T}. (Take g = 10 m/s?) 


2kg| | T> 
[7s 
1kg 
3kg 
[7 
4 kg 
Fig. 8.78 
8. In the figure shown, all surfaces are smooth. Find 100 N 40 N 
: 10kKg —————— 
(a) acceleration of all the three blocks, 
(b) net force on 6 kg, 4 kg and 10 kg blocks and 
(c) force acting between 4 kg and 10 kg blocks. Fig. 8.79 


9. Three blocks of masses m, = 10 kg, m, — 20 kg m Ti mo T2 [m F 
and m, =30 kg are on a smooth horizontal FET nen pees i 


table, connected to each other by light Fig. 8.80 
horizontal strings. A horizontal force F =60 Nis 

applied to m3, towards right. Find 

(a) tensions T, and T, and 

(b) tension T, if all of a sudden the string between m, and m, snaps. 
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8.5 Constraint Equations 


In the above article, we have discussed the cases where different blocks of the system had a common 
acceleration and that common acceleration was given by 
Net pulling / pushing force 
d= 


Total mass 


Now, the question is, if different blocks have different accelerations then what? In those cases, we 
take help of constraint equations. These equations establish the relation between accelerations (or 
velocities) of different blocks of a system. Depending upon different kinds of problems we have 
divided the constraint equations in following two types. Most of them are directly explained with the 
help of some example (s) in their support. 


Type 1 


© Example 8.20 Using constraint method find the relation between 
accelerations of 1 and 2. 


-—— IEow---- 


H 


Fig. 8.81 Fig. 8.82 


Solution At any instant of time let x, and x; be the displacements of 1 and 2 from a fixed line 
(shown dotted). Here x, and x, are variables but, 
X, t x, = constant 
or xy +x, =l (length of string) 
Differentiating with respect to time, we have 
v +v =0 or v =-v 
Again differentiating with respect to time, we get 
a+a,=0 or a=- 
This is the required relation between a, and ay, i.e. accelerations of 1 and 2 are equal but in 
opposite directions. 


Note (i) Inthe equation x, + x, =|, we have neglected the length of string over the pulley. But that length is also 
constant. 
(ii) In constraint equation if we get a, =—a>, then negative sign does not always represent opposite 
directions of a, and a. The real significance of this sign is, x, decreases if x, increases and vice-versa. 
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© Example 8.21 Using constraint equations find the relation between a, and ay. 


Fig. 8.83 


Solution In Fig. 8.84, points 1, 2, 3 and 4 are movable. Let their displacements from a fixed 
dotted line be x, , x5, x4 and x, 


x, +x =k 
(x — X3)+ (x4 -= x3)= h ---- ESA ---- POIA atte 
(a = x4) + (x = x4)= h | Is 
On double differentiating with respect to time, we will get 28 X 
following three constraint relations x | Xo 
a, td4-0 (1) 4 
a, +a, — 2a, =0 ...(ii) | 
_ E NA E 
ai ta, 2a4 =0 ... (ill) 


Solving Eqs. (i), (11) and (iii), we get 
a, = — 7a; Fig. 8.84 


Which is the desired relation between a, and a. 


© Example 8.22 In the above example, if two blocks have masses 1 kg and 2 kg 
respectively then find their accelerations and tensions in different strings. 


Solution Pulleys 3 and 4 are massless. Hence net force on them should be zero. Therefore, if 
we take T tension in the shortest string, then tension in other two strings will be 27 and 47. 


AT 
2T 
T 
T 
1 kg 
2 kg 7a 
W,=10 N W, = 20 N 


Fig. 8.85 


Chapter 8 Laws of Motion * 287 


Further, if a is the acceleration of 1 in upward direction, then from the constraint equation 
a, =—7a,, acceleration of 2 will be 7a downwards. 


Writing the equation, F pet = ma for the two blocks we have 
AT -2T «T —-10-1xa 


or 7T -10-a ...(1) 
20-T=2x (7a) 
or 20-T=14a ...(ii) 
Solving these two equations we get, 
T=1.62N Ans. 
and a=1.31m/s” Ans. 


Note In a problem if 'a' comes out to be negative after calculations then we will change the initially assumed 
directions of accelerations. 


Type 2 


© Example 8.23 The system shown in figure is released from rest. Find 
acceleration of different blocks and tension in different strings. 


Solution 


Net acceleration 7 a * a, 
Fig. 8.87 
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(i) Pulley P and 1 kg mass are attached with the same string. Therefore, if 1 kg mass has an 
acceleration ‘a’ in upward direction, then pulley P will have an acceleration ‘a’ downwards. 
(ii) 2 kg and 3 kg blocks are attached with the same string passing over a moveable pulley P. 
Therefore their relative acceleration, a,(relative to pulley) will be same. Their net 
accelerations (relative to ground) are as shown in figure. 
(iii) Pulley P is massless. Hence net force on this pulley should be zero. If T is the tension in the 
string connecting 2 kg and 3 kg mass, then tension in the upper string will be 2 7. 


Now writing the equation, F pet — ma for three blocks, we have: 


1 kg block: 
2T 
d 
1 kg 
w47 10N 
Fig. 8.88 
2T7—10-1xa ... (1) 
2 kg block: T 
a «| 2 kg 
Wo = 20 N 
Fig. 8.89 
T—20=2(a, —a) ...(I1) 
3 kg block: 
T 
| 3kg 
ata 
w = 30N 
Fig. 8.90 
30-T=3(a, +a) ... (i1) 


Solving Eqs. (i), (11) and (iii) we get, 
T=828N, a=6.55 m/s? and a, —0.7 m/s?. 
Now, acceleration of 3kg block is (a+a, ) or 7:25 m/ s? downwards and acceleration of 2kg 


is (a, —a) or - 585m/ s? upwards. Since, this comes out to be negative, hence acceleration 
of 2 kg block is 585m/s” downwards. 
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© Extra Points to Remember 


e |n some cases, acceleration of a block is inversely proportional to tension force acting on the block (or its 
component in the direction of motion or acceleration).If tension is double (as compared to other block), 
then acceleration will be half. 

In Fig. (a): Tension force on block-1 is double 
(=2T) than the tension force on block-2 (=T). 
Therefore, acceleration of block -1 will be half. 
If block-1 has an acceleration 'a' in downward 
direction, then block -2 will have an 
acceleration ‘2a’ towards right. 

In Fig. (b): Tension force on block-1 is three 
times (27+T=87) than the tension force on 
block-2 (=T). Therefore acceleration of block-2 
will be three times. If block-1 has an 
acceleration ‘a’ in upwards direction, then 
acceleration of block-2 will be ‘3a’ downwards. 


INTRODUCTORY EXERCISE 


1. Make the constraint relation between a4, a; and a3. 


ET 
Na 
2j 3j 
Fig. 8.92 


2. At certain moment of time, velocities of 1 and 2 both are 1 m/s upwards. Find the ===: 
velocity of 3 at that moment. 


3. Consider the situation shown in figure. Both the pulleys 2kg a A 
and the string are light and all the surfaces are smooth. 


(a) Find the acceleration of 1 kg block. 
(b) Find the tension in the string. (g =10 m/s”). 


Fig. 8.94 
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4. Calculate the acceleration of either blocks and tension in the 3 m| 
string shown in figure. The pulley and the string are light and : 
all surfaces are smooth. 


m| 


Fig. 8.95 


5. Find the mass M so that it remains at rest in the adjoining figure. Both the pulley saumu. 
and string are light and friction is absent everywhere. ( g = 10 m/s?). i 


LU 


6. In Fig. 8.97 assume that there is negligible friction 
between the blocks and table. Compute the tension in 
the cord connecting m, and the pulley and 
acceleration of m, if m,=300g, mz =200g and 
F =0.40N. 


Fig. 8.97 


7. Inthe figure shown, a; =6 m/s? (downwards) anda, =4 m/s? (upwards). Find acceleration of 1. 


Fig. 8.98 


8. Find the acceleration of the block of mass M in the 
situation shown in the figure. All the surfaces are 
frictionless. ls | 
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8.6 Pseudo Force 


Before studying the concept of pseudo force let us first discuss frame of reference. 
Frame of reference is the way of observation the things. 


Inertial Frame of Reference 


A non-accelerating frame of reference is called an inertial frame of reference. A frame of reference 
moving with a constant velocity is an inertial frame of reference. 


Non-inertial Frame of Reference 
An accelerating frame of reference is called a non-inertial frame of reference. 


Note (ù Arotating frame of reference is a non-inertial frame of reference, because it is also an accelerating one. 
(ü) Earth is rotating about its axis of rotation and it is revolving around the centre of sun also. So, it is 
non-intertial frame of reference. But for most of the cases, we consider its as an inertial frame of 
reference. 
Now let us come to the pseudo force. Instead of ground (or inertial frame of reference) when we start 
watching the objects from a non-inertial (accelerating) frame of reference its motion conditions are 
felt differently. 


For example Suppose a child is standing inside an accelerating lift. From ground frame of 
reference this child appears to be accelerating but from lift (non-inertial) frame of reference child 
appears to be at rest. To justify this changed condition of motion, from equations point of view we 
have to apply a pseudo force. This pseudo force is given by 


E, -—ma 


Here, ‘m’ is the mass of that body/object which is being observed from non-inertial frame of reference 
and a is the acceleration of frame of reference. Negative sign implies that direction of pseudo force 
F, is opposite to a. Hence whenever you make free body diagram ofa body from a non-inertial frame, 
apply all real forces (actually acting) on the body plus one pseudo force. Magnitude of this pseudo 
force is *ma' and the direction is opposite to a. 


Example Suppose a block A of mass m is placed on a lift ascending with an acceleration ag. Let M 
be the normal reaction between the block and the floor of the lift. Free body diagram of A in ground 
frame of reference (inertial) is shown in Fig. 8.100. 


N 

A | ag 
mg 

Fig. 8.100 


N —mg = mag 


or N =m(g +a) s) 
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But if we draw the free body diagram of A with respect to the elevator (a non-inertial frame of 


reference) without applying the pseudo force, as shown in Fig. 8.101, we get 
N' 


A (At rest) 
mg 
Fig. 8.101 
N’-mg=0 
or N'-2mg wai rb) N' 
Since, N'z N, either of the equations is wrong. If we apply a pseudo force in 
non-inertial frame of reference, N’ becomes equal to N as shown in Fig. 8.102. 
Acceleration of block with respect to elevator is zero. A W (^t rest) 
N'—mg —ma =0 
Or N’=m(g+do) ...(iii) 
: mg + Fp 
N'=N Here Fp = mao 
Fig. 8.102 


© Example 8.24 All surfaces are smooth in following figure. Find 
F, such that block remains stationary with respect to wedge. 


Fig. 8.103 


Solution Acceleration of (block + wedge) a = ———— 
(M +m) 
Let us solve the problem by both the methods. Such problems can be solved with or without 


using the concept of pseudo force. 


From Inertial Frame of Reference (Ground) N cos 8 
FBD of block w.r.t. ground (Apply real forces): y 
With respect to ground block is moving with an acceleration a. l [ 
EF, -0 ( Nsin 0 x 
> N cos 0 = mg ... (1) 
and XF.-—ma mg 
...(ii) E x 
Fig. 8.104 


N sinO = ma 
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From Eqs. (i) and (11), we get 


a=gtan0 
F=(M+m)a 
=(M+m)g tan0 
From Non-inertial Frame of Reference (Wedge) 
FBD of block w.r.t. wedge (real forces + pseudo force) N cos 0 
w.r.t. wedge, block is stationary 
E, EF, =0 = Ncos0-mg ix F p=ma N sin 
XF. =0 => Nsin0-ma ...(iv) 
From Eqs. (iii) and (iv), we will get the same result 
ie. F —-(M 4 m) g tan 0. mg 
Fig. 8.105 


© Example 8.25 A bob of mass m is suspended from 
the ceiling of a train moving with an acceleration a as shown in figure. Find the 
angle 0 in equilibrium position. 


Fig. 8.106 


Solution This problem can also be solved by both the methods. 


Inertial Frame of Reference (Ground) 
FBD of bob w.r.t. ground (only real forces) 


i T T cos 0 

I 

> —a 

=> T sin 6 
Ü. 
Xx 
mg mg 
Fig. 8.107 

With respect to ground, bob is also moving with an acceleration a. 
RA XF.-0 => Tsn0-ma ...(1) 
and ELF,-0 = Tcos0-mg ...(ii) 


From Eqs. (1) and (ii), we get 


tan 9 =£ or 0 -tan^! B] 
& 8 
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Non-inertial Frame of Reference (Train) 
FBD of bob w.r.t. train (real forces + pseudo force): 


T 
l0 


mg 
Fig. 8.108 


with respect to train, bob is in equilibrium 


EF, =0 
=> T sin 0 = ma 

ZF, =U 
=> T cos0 2 mg 


From Eqs. (iii) and (iv), we get the same result, i.e. 
0-tan ! (s) 
S 


INTRODUCTORY EXERCISE 


1. Two blocks A and B of masses 1kg and 2 kg hav 


(a) Pseudo force on block A as applied with resp 
(b) Pseudo force on block B as applied with resp 


2. Pseudo force with respect to a frame moving with 
or false? 


3. Problems of non-intertial frames can be solved 
statement true or false? 


8.7 Friction 


...(iii) 


...(iv) 


e accelerations (2i)m/s* and (-4j)m/s?. Find 
ect to the block B. 
ect to the block A. 


constant velocity is zero. Is this statement true 


only with the concept of pseudo force. Is this 


Regarding the frictional force (f ) following points are worthnoting : 

1. Itis the tangential component of net contact force (F) acting between two bodies in contact. 

2. Itstarts acting when there is tendency of relative motion (different velocities) between two bodies 
in contact or actual relative motion takes place. So, friction has a tendency to stop relative motion 


between two bodies in contact. 


3. Ifthere is only tendency of relative motion then static friction acts and if actual relative motion 


takes place, then kinetic friction acts. 
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. Like any other force of nature friction force also makes a pair of equal and opposite forces acting 
on two different bodies. 


. Direction of friction force on a given body is opposite to the direction of relative motion (or its 
tendency) of this body. 


(i) (ii) 
Fig. 8.109 
In Fig. (i), motion of block A means its relative motion with respect to ground. So, in this case 


friction between block and ground has a tendency to stop its motion. 


In Fig. (ii), relative motion between two blocks B and C means their different velocities. So, 
friction between these two blocks has a tendency to make their velocities same. 


Static friction is self adjusting in nature. This varies from zero to a limiting value f, . Only that 
much amount of friction will act which can stop the relative motion. 

. Kinetic friction is constant and it can be denoted by f,. 

. It is found experimentally that limiting value of static friction f, and constant value of kinetic 
friction f, both are directly proportional to normal reaction N acting between the two bodies. 


x fü, or f,«N 
=> In =u, N 
and fy =U N 


Here,  ,= coefficient of static friction 
and u ¿= coefficient of kinetic friction. 


Both u , andu, are dimensionless constants which depend on the nature of surfaces in contact. 
Value of; is usually less than the value of, i.e. constant value of kinetic friction is less than the 
limiting value of static friction. 


Note (i) In problems, ifu, and u, are not given separately but only u is given. Then use 


fı = fk =N 
(ü) If more than two blocks are placed one over the other on a horizontal ground then normal reaction 
between two blocks will be equal to the weight of the blocks over the common surface. 


Fig. 8.110 


For example, N; = normal reaction between A and B 
-m,g 

normal reaction between B and C 

— (m4 + mg) g and so on. 


= 
H 


296 © Mechanics - I 


€» Extra Points to Remember 


e Friction force is electromagnetic in nature. 

The surfaces in contact, however smooth they may appear, actually have imperfections called asperities. 
When one surface rests on the other the actual area of contact is very less than the surface area of the face of 
contact. 


Actual contact I 
area 


Fig. 8.111 


The pressure due to the reaction force between the surfaces is very high as the true contact area is very small. 
Hence, these contact points deform a little and cold welds are formed at these points. 

So, in order to start the relative sliding between these surfaces, enough force has to be applied to break these 
welds. But, once the welds break and the surfaces start sliding over each other, the further formation of these 
welds is relatively slow and weak and hence a smaller force is enough to keep the block moving with uniform 
velocity. 

This is the reason why limiting value of static friction is greater than the kinetic friction. 


Note By making the surfaces extra smooth, frictional force increases as actual area of contact increases and the 
two bodies in contact act like a single body. 


© Example 8.26 Suppose a block of mass 1 kg is placed 
over a rough surface and a horizontal force F is applied on = 
the block as shown in figure. Now, let us see what are the 
values of force of friction f and acceleration of the Fig. 8.112 
block a if the force F is gradually increased. Given that 


u, =0.5, u, =0.4 and g = 10 mis”. 


Solution Free body diagram of the block is 


— y 
Tro F 
N x 
f 
Fig. 8.113 
EF,-0 
N-mg-0 
or N =mg = (1(10)2 10N 


f, =u, N= (0.5(0)2 5N 
and fy =H N = (0.4)(10) = 4N 
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Below is explained in tabular form, how the force of friction f depends on the applied force F. 


Static or Relative motion Acceleration of 
fF f | Ea -F-f kinetic or tendency of block a— ^et. Diagram 
friction relative motion m 
Neither tendency 
0 0 0 static nor actual relative 0 
motion 
F=2N 
2N 2N 0 static Tendency 0 f=2N 
F=4N 
4N 4N 0 static Tendency 0 f=4N 
F=5N 
5N 5N 0 static Tendency 0 f, =5N 
a=2 m/s? 
6N 4N 2N kinetic Actual relative 2 m/s? F=6N 
motion = 
fk=4N 
a=4 m/s? 
. — 
8N 4N 4N knee: | ee 4 m/s? F=8N 
motion 
fk=4N 
Graphically, this can be understood as under: f(N) 
Note that f = F till F < f, . Therefore, slope of line OA will be ^ 


1 (y= mx) or angle of line OA with F-axis is 45°. 


Here, a =0 for F <5N 
F- F-4 
and af Je dr 


a-F graph is as shown in Fig. 8.115. When F is slightly 
increased from 5 N, acceleration of block increases from 0 to 


m 


1 m/s”. Think why? 


1 


=F —-4forF >5N 


a (m/s?) 


Fig. 8.114 


Fig. 8.115 


Note Henceforth, we will take coefficient of friction as u unless and until specially mentioned in the question u, 
and u, separately. 
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Angle of Friction (2) 
At a point of rough contact, where slipping is about to occur, the two forces acting Nf-------7 F 
on each object are the normal reaction N and frictional force UN. 


The resultant of these two forces is F and it makes an angle X with the normal 
reaction, where à 


ii p or A-tan' (u) ...(1) uN 
, , , m Fig. 8.116 
This angle A is called the angle of friction. 
Angle of Repose (o) 


Suppose a block of mass m 1s placed on an inclined plane whose inclination 0 can be increased or 
decreased. Let, u be the coefficient of friction between the block and the plane. At a general angle 0, 


Fig. 8.117 


Normal reaction N = mg cos0 
Limiting friction fj, = UN =umg cos 
and the driving force (or pulling force) 
F — mg sin 0 (Down the plane) 


From these three equations we see that, when 0 1s increased from 0? to 90?, normal reaction N and 
hence, the limiting friction f; is decreased while the driving force F is increased. There is a critical 
angle called angle of repose (a) at which these two forces are equal. Now, if0 is further increased, 
then the driving force F becomes more than the limiting friction f; and the block starts sliding. 


Thus, f, =F at O=a 

or u mg cos Q = mg sin Q 

or tana =u 

or a = tan! (u) ...(ii) 


From Eqs. (i) and (ii), we see that angle of friction (1) is numerically equal to the angle of repose. 
Or A =e 

From the above discussion we can conclude that 

If6 <a, F < f; the block is stationary. 

Ifó-za, F=f, the block is on the verge of sliding. 

and if0 >a, F > f, the block slides down with acceleration 


Bee E ee 
m 
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Variation of N, f, and F with 0, is shown graphically in N, f, F 
Fig. 8.118. 

N = mg cos 
or N œ cos ð 

fı =umg cos 8 i 

or fı ~ cos® | 

F — mg sin i 
or F «sin ð [o due 90° 
Normally u <i, Fig. 8.118 
So, f <N. 


© Example 8.27 A particle of mass 1 kg rests on rough contact with a plane 
inclined at 30° to the horizontal and is just about to slip. Find the coefficient of 
friction between the plane and the particle. 


Solution 


Fig. 8.119 


Weight mg has two components mg sin 0 and mg cos 0. Block is at rest 


N = mg cos 0 ... (1) 
f =mgsin 0 ...(ii) 
Block is about to slip. 
& f-f,-uN ...(iii) 
Here U,=u 


Solving these three equations, we get 
u = tan 0 = tan 30° 


es Ans. 


Note The given angle is also angle of repose a. 


u = tan 9 = tana = tan 30? 
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© Example 8.28 In the adjoining figure, the 
coefficient of friction between wedge (of mass M) and 
block (of mass m) is y. 
Find the minimum horizontal force F required to 
keep the block stationary with respect to wedge. 


Fig. 8.120 


Solution This problem can be solved with or without using the concept of pseudo force. Let us 
solve the problem by both the methods. 
a = acceleration of (wedge + block) in horizontal direction 
| F 
| M+m 


Inertial Frame of Reference (Ground) 


FBD of block with respect to ground (only real forces have to applied) isas 4 F2 uN y 
shown in Fig. 8.121. With respect to ground block is moving with an 
acceleration a. Therefore, N 
YF, =0 and XF,-ma "m 


mg -uN and N=ma io 


a= a 
u Fig. 8.121 


F=(M+ma=(M em) 


Non-inertial Frame of Reference (Wedge) 
FBD ofm with respect to wedge (real + one pseudo force) is as shown in 


F=uN 
Fig. 8.122. With respect to wedge block is stationary. 
2 YF, -0and EF, =0 
A mg-uN and N=ma Fe=ma y 
& a=È and F=(M +m)a 
u mg 


=(M+m)È Fig. 8.122 
u 


© Example 8.29 A 6 kg block is kept on an inclined 
rough surface as shown in figure. Find the force F 
required to 
(a) keep the block stationary, 
(b) move the block downwards with constant velocity and 
(c) move the block upwards with an acceleration of 4 ml s?. 
(Take g = 10 m/s?) Fig. 8.123 
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Solution N = mg cos 60° = (6) (10) (2) — 30 newton €^ N 
Hs 
U sN = 18 newton 
Ug N = 12 newton fo 
" E 43 
Driving force Fọ = mg sin 60° = (6) (10) E =52N Fig. 8.124 


(a) Force needed to keep the block stationary is 
Fi =Fy-UsN (upwards) 

= 52-18 

=34N (upwards) Ans. 
(b) If the block moves downwards with constant velocity (a = 0, F pet = 0), then kinetic friction 

will act in upward direction. 
Force needed, 
F,-Fy-ugN (upwards) 


-52-12 
=40N (upwards) Ans. 
fr 
ukN 
Fo 
Fig. 8.125 


(c) In this case, kinetic friction will act in downward direction 
F,—-Fyj-uyN = ma 


or F, — 52- 12= ma = (6) (4) 
F, = 88N (upwards) Ans. 
fo 
x? 
fo 
ye 


Fig. 8.126 
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© Example 8.30 A block of mass m is at rest on a rough wedge as shown in 
figure. What is the force exerted by the wedge on the block? 


Fig. 8.127 
Solution Since, the block is permanently at rest, it is in equilibrium. Net force on it should be 
zero. In this case, only two forces are acting on the block 
(1) Weight 2 mg (downwards). 


(2) Contact force (resultant of normal reaction and friction force) applied by the wedge on the 
block. 


For the block to be in equilibrium, these two forces should be equal and opposite. 
Therefore, force exerted by the wedge on the block is mg (upwards). 


(i) From Newton's third law of motion, force exerted by the block on the wedge is also mg but downwards. 


(ii) This result can also be obtained in a different manner. The normal force on the block is N = mg cos 0 
and the friction force on the block is f = mg sin (notu mg cos 9) 
These two forces are mutually perpendicular. 


Net contact force would be 4 N? « f? 


or img cos 0)? + (mg sin 0)? which is equal to mg. 


INTRODUCTORY EXERCISE 


1. In the three figures shown, find acceleration of block and force of friction on it in each case. 


F=20N F=20N 
| m BE ma 


Us = 0.6, uk = 0.4 Us = 0.6, uk = 0.4 
(a) (b) 
Fig. 8.128 
2. In the figure shown, angle of repose is 45°. Find force of friction, net force and acceleration of the 
block when 
0 
Fig. 8.129 


(a) 0 =30° (b) 0 =45° and (c) 0 =60° 
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Final Touch Points 


1. In Fig. (i), normal reaction at point P (between blocks C and D) is given by, 
LLLLLLLL 


(ii) 


N « [X (mass above P)] x gag =(M, + mg + mc) Jet 
In Fig. (ii), tension at point P is given by, 
T 2 X[(mass below P)] x gar 

If the strings are massless then, T 2 (mc + mp) Jett 
Here, Qe = g if acceleration of system is zero 

=(g + a)if acceleration a is upwards 

=(g — a)if acceleration a is downwards 

2. Feeling of weight to a person is due to the normal reaction. Under normal conditions, N 2 mg. 

Therefore feeling of weight is the actual weight mg. If we are standing on a lift and the lift has an 


acceleration ‘a’ upwards then N 2 m(g + a). Therefore feeling of weight is more than the actual weight 
mg. Similarly if ‘a’ is downwards then N 2 m(g —a)and feeling of weight is less than the actual weight 
mg. 
3. ifu, 2 uy =H then, limiting value of static friction = constant value of kinetic friction = uN. 

Here, N 2 mg on horizontal ground or N = mg cos 8 on inclined ground as long as the external forces 
(other than weight and normal reaction) are either zero or tangential to the surface. If the external 
force is inclined to the horizontal surface (or inclined plane), then normal reaction either increase or 
decrease depending on the direction of F. 


F F 
N=mg N<mg N> mg 
F F 


€. £.g 


N = mg cos 0 N « mg cos 0 N » mg cos 0 


Solved Examples 


TYPED PROBLEMS 


Type 1. Resolution of forces 


Concept 
Different situations of this type can be classified in following two types: 
(i) Permanent rest, body in equilibrium, net force equal to zero, net acceleration equal to 
zero or moving with constant velocity. 
Gi) Accelerated and temporary rest. 


How to Solve? 


* |n the first situation, forces can be resolved in any direction. Net force (or summation of components of 
different forces acting on the body) in any direction should be zero. 

* |n the second situation forces are normally resolved along acceleration and perpendicular to it. In a 
direction perpendicular to acceleration net force is zero and along acceleration net force is ma. 

* |n temporary rest situation velocity of the body is zero but acceleration is not zero. The direction of 
acceleration in this case is the direction in which the body is supposed to move just after few seconds. 
Three situations of temporary rest are shown below. 

v=0 
| Q az0 
añ v=0 
|: 
1 
ji 


Note In the second situation also, we can resolve the forces in any direction. In that case, 
net force along this direction = (mass) (component of acceleration in this direction) 


© Example 1 A ball of mass 1 kg is at rest in position P 


by means of two light strings OP and RP. The string IN 

RP is now cut and the ball swings to position Q. If JON 

0 = 45°. Find the tensions in the strings in positions OP o 
(when RP was not cut) and OQ (when RP was cut). A _ 
(Take g =10 m/s”). R N Ba 


Solution In the first case, ball is in equilibrium (permanent 
rest). Therefore, net force on the ball in any direction should be zero. 
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(© F) in vertical direction =0 


or T, cos 0 = mg 
or Te mE 
cos 0 
I 
i Jo 
19 


mg 


Substituting m, = 1 kg, g=10 m/s? and 0 =45° 
we get, T, = 1042 N 


Note Here, we deliberately resolved all the forces in vertical direction because component of the tension in RP in vertical 
direction is zero. In a direction other than vertical we will also have to consider component of tension in RP , which 
will unnecessarily increase our calculation. 

In the second case ball is not in equilibrium (temporary rest). After few seconds it 
will move in a direction perpendicular to OQ. Therefore, net force on the ball at Q 
is perpendicular to OQ or net force along OQ - 0. 


5 T, = mg cos 0 
Substituting the values, we get T,= 5429 N 
Here, we can see that T, +T, 


Type 2. To find tension at some point (say at P) if it is variable 


How to Solve? 
e Find acceleration (a common acceleration) of the system by using the equation 
ae net pulling or pushing force 
total mass 
In some cases, ‘a’ will be given in the question. 
* Cut the string at P and divide the system in two parts. 
* Make free body diagram of any one part (preferably of the smaller one). 


* |nits FBD make one tension at point P in a direction away from the block with which this part of the string is 
attached. 


* Write the equation, 


Re 7 ma 
for this part. You will get tension at P. In this equation m is not the total mass. It is mass of this part only. 
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© Example 2 In the given figure mass of string AB is 2 kg. Find tensions at A, B 
and C, where C is the mid point of string. 


Solution a= F — weight of 2 kg - weight of 4 kg — weight of string 


mass of 2 kg+ mass of 4 kg+ mass of string 


100 - 20 — 40 - 20 
- (g=10 m/s?) Ta 


2+4+2 A 
230 225 ms? m 
8 Ü 
B B E 
Refer Fig. (a) T4 —Mapg —40 = (mag + 4)a fa { 
or T, -20 —40 = (2 + 4)(2.5) 4 kg 4 kg 
T, = 75N Ans. (a) (b) 
Refer Fig. (b) To —™Mpc8s — 40 = (mgc T 4)a 
or To - 10 - 40 = (1 + 4)Q.5) ae 
or Ty =62.5 N Ans. fa 
Refer Fig. (c) T; - 40 -4a TK 
or Tg =40+4x2.5 (c) 
or Tg =50 N Ans. 


Note Tension at a general point P can be given by : 
Tp 2 [(E mass below P) x geg] 
Here ggg =9 + a =12.5 m/s? 
Type 3. Based on constraint relation between a block (or a plank) and a wedge. 


These type of problems can be understood by following two examples: 


© Example 3 In the figure shown find relation between magnitudes of a,and ap. 
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Solution x, = xp sin 0 ..-(i) 
Here, 0 = constant 


Double differentiating Eq. (i) with respect to time, we get 
a4 = ap sin 0 Ans. 


© Example 4 In the arrangement shown in the figure, the ixed wall 
rod of mass m held by two smooth walls, remains always 
perpendicular to the surface of the wedge of mass M. SS 
Assuming all the surfaces to be frictionless, find the b à m >a, 
acceleration of the rod and that of the wedge. 


Solution Let acceleration of m be a, (absolute) and that of M be A 
à. (absolute). 


Writing equations of motion only in the directions of a, or a. 
For m mg cosa — N = ma, ...(1) 
For M, N sina = Ma, aG 
Here, N = normal reaction between m and M 
As discussed above, constraint equation can be written as, 

a, = asin Q ...(ii) 
Solving above three equations, we get 
mg cos Q sin Q 


acceleration of rod, & = 7 Ans 
[n sin a + — | 
sin Q 
and acceleration of wedge da= = Ans. 
m sin à + — 
sin Q 
Type 4. Based on constraint relation which keeps on changing. 
Concept 
(i) In the constraint relations discussed so far the relation between different accelerations 
was fixed. 


For example: In the two illustrations discussed above a4 — ag sinO or a, 2 a sina but 
these relations were fixed, as 0 or œ was constant. 

(ii) In some cases, 0 or à keeps on changing. Therefore, the constraint relation also keeps on 
changing. 

Gii) In this case, constraint relation between different accelerations becomes very complex. 
So, normally constraint relation between velocities is only asked. 
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© Example 5 In the arrangement shown in the figure, the ends P and Q of an 


Note 


unstretchable string move downwards with uniform speed U. Pulleys A and B are 
fixed. Mass M moves upwards with a speed (JEE 1982) 


(a) 2U cos 0 


(d) U cos 0 


cos 0 cos 0 
Solution In the right angle A PQR 
Paty’ 
Differentiating this equation with respect to time, we get 
21-0 +292 or (-2)-=(- | 


dt dt y dt 
l 1 
Here, WE and -dl/dt =U 
dt y cos0 
U c = constant, / and y are variables 
Hence, Uy = 
cosO 
The correct option is (b). 
Here 0 is variable. Therefore the constraint relation v y = d is also variable. 
cos 


Example 6 In the adjoining figure, wire PQ is smooth, ring A has a mass 1 kg 
and block B, 2 kg. If system is released from rest with 0 260?, find 


Q 


B 


(a) constraint relation between their velocities as a function of 0. 
(b) constraint relation between their accelerations just after the release at 0= 60°. 
(c) tension in the string and the values of these accelerations at this instant. 


Solution M and Q are two fixed fixed points. Therefore, Ei du 
MQ - constant = c Po, -* d Q 
I- length of string = constant. a Za D i^ 
(a) In triangle MQA, | (L[- y x? 2 Q 
Differentiating w.r.t time, we get y 


2( » W) -anfa zi +0 B] va a2 
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dy dx . 
or l + =y w 
e-o( 8) «(9 o 
dy | x Ej NN. 
dt \l-y dt 
y is increasing with time, 
dy 
+— =v 
dt ^ 
x is decreasing with time 
dx 
——=v, and ——-cos0 
dt -y 
Substituting these values in Eq. (ii), we have 
Uy =U, cos Ans. 
(b) Further differentiating Eq. (i) we have, 
d?y A d?x (2) T 
l =-]| x- i ... n 
dt? q-» (2 di? \dt (i) 
dx dy -— A 
Just after the release, v , v; e and di all are zero. Substituting in Eq. (iii), we have, 
2 2 
ERE: NU 
dt^ l-y dt 
d?y 2x 
Here, =a - =a 
di ^ pt 
7 2 = cos 9 = cos 60° = 
Substituting in Eq. (iv), we have az= = NU 
(c) For A Equation is 
A —84 T 
60? 
[ 8 dix 
T 
w=20N 
T . 
T cos60°=m,a, or 2-5 cam ... (vi) 
For B 20- T 2mgas 
20-T 22a, . (vii) 


Solving Eqs. (v), (vi) and (vii), we get 


qf x us de mis? 
3 3 


and a= $ m/s? 


Note Eq. (iii) converts into a simple Eq. (iv), just after the release when v4, V>, ^ and a all are zero. 
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Type 5. 7o find whether the block will move or not under different forces kept over a rough surface 


How to Solve? 


The rough surface may be horizontal, inclined or vertical. 
Resolve the forces along the surface and perpendicular to the surface. 
In most of the cases, acceleration perpendicular to the surface is zero. 


So net force perpendicular to the surface should be zero. By putting net force perpendicular to the surface 
equal to zero we will get normal reaction N. 


After finding, N, calculate u N, iN or uN. 
Calculate net force along the plane and call it the driving force F. 


Now, if F<u N 
Then =F (f = Force of friction) 
and Fret = 0 or az0, 
If F>uN 
Then, f-u,N and Fa=F-f or a= fet (in the direction of F) 
m 
; 6N 
© Example 7 In the figure shown, 10v2N 


(a) find the force of friction acting on the bloch. 

(b) state whether the block will move or not. If yes then with what 
acceleration? 

Solution Resolving the force in horizontal (along the plane) and in Hs = 0.6, Uy = 0.4 

vertical (perpendicular to the plane) directions (except friction) 


Here, R is the normal reaction. R 
EF,-0 > R=26N 
u,R=06 x26=166 N 
p,R=04x26=104N SN UN 
£ F= net driving force F =14 N cese 2 
(a) Since, F xu, R 6N 
. Force of friction f - F =14N W - 20N 


This friction will act in the opposite direction of F. 
(b) Since, F <u,R, the block will not move. 


6 Example 8 In the figure shown, 


(a) find the force of friction acting on the block. 
(b) state whether the block will move or not. If yes then with what acceleration? 


4N 
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Solution Resolving the forces along the plane and perpendicular to y. 

the plane. (except friction) 

Here, R is the normal reaction. LF,-0 > R-16N LR 
u,R=04x16=64N F AN UK 


pu, R-03x16-48N 
Y F = net driving force F = (12-4) N=8N 
(a) Since, F >u,R, therefore kinetic friction or 4.8 N will act in 
opposite direction of F. 


(b) Since, F >u,R, the block will move in the direction of F 
(or downwards) with an acceleration, 
Fi, F-f 8-48 


m m 


20 cos 37° 
=16N 


1.6 m/s? 


This acceleration is in the direction of F (or downwards). 


Example 9 A block of mass 1 kg is pushed against a rough vertical wall with a 
force of 20 N, coefficient of static friction being T Another horizontal force of 
10 N is applied on the block in a direction parallel to the wall. Will the block 


move? If yes, in which direction? If no, find the frictional force exerted by the wall 
on the block. (g 210 m/s?) 


Solution Normal reaction on the block from the wall will be ( F,,, 20, perpendicular to the 
wall) 


F=20N 
—> 
R=F=20N 
Therefore, limiting friction f; -uR- (7) (20)25 N 
Weight of the block is w=mg=(1)(10)=10 N 
A horizontal force of 10 N is applied to the block. Both weight and this 


in the direction shown in figure. Since, this resultant is greater than the 
limiting friction. The block will move in the direction of F eg with 
acceleration 


force are along the wall. The resultant of these two forces will be 10/2 N 10 N 
| 45° 


=9.14 m/s? 


ga Ea fi 1042 -5 
m 1 


Fret =10V2N 10N 


Type 6. To draw acceleration versus time graph. Following three examples will illustrate this type. 


Example 10 In the figure shown, F is in newton and t in 
seconds. Take g=10 m/s?. 


(a) Plot acceleration of the block versus time graph. u = 0.6 
(b) Find force of friction at, t2 2s and t= 8s. 
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Solution (a) Normal reaction, R=mg=20N. Limiting value of friction, f, =wR=0.6 x20=12N 
The applied force F (221) crosses this limiting value of friction at 6s. Therefore, upto 6 s block 
remains stationary and after 6s it starts moving. After 6 s, friction becomes constant at 12 N 
but the applied force keeps on increasing. Therefore, acceleration keeps on increasing. 


Forti<6s 
f=F =2t (i) 
Fat =F -f =0 
ae 
m 
Fort>6s 
F=2t 
f=12N=f, ... (ii) 
Fa =F -f=2t-12 a(m/s*) 
Fa S12, 
= "e (t—6) 
-. a-t graph is a straight line with slope =1 and intercept - — 6. 45* t (s) 
Corresponding a-t graph is as shown. rd 6 
(b) At t=2s, f AN [from Eq. (1)] "i 
At t=8s, f=12N [from Eq. (ii)] -er* 


© Example 11 Repeat the above problem, if instead of u we are given u, and U,, 
where u , =06 and u , 04. 
Solution (a) R=mg=20N 
u,R=06 x20=12N 
u,R=04x20=8N 
Upto 6 s, situation is same but after 6 s, a constant kinetic friction of 8N will act. At 6 s, friction 
will suddenly change from 12 N (2u,R) to 8N (21, R) and direction of friction is opposite to its 
motion. Therefore, at 6 s it will start with an initial acceleration. 
a decrease in friction 12-8 =2 mis? 


i 


mass 
For t<6s 
f=F=2t 10) 


Fort26s a(m/s?) 
F=2t 
f =u, R=8N 
Fea =F-f=2t-8 
Em SA Bon 4) 
m 2 


>t (S) 
At t=6s, we can see that, a; =2 m/s? | 
Further, a -t graph is a straight line of slope = 1 and intercept =- 4. Corresponding a - t graph is 
as shown in figure. 
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4 kg are placed one over the other as shown in figure. A 


time varying horizontal force F = 2t is applied on the 

upper block as shown in figure. Here t is in second and F B | 
is in newton. Draw a graph showing accelerations of A 

and B on y-axis and time on x-axis. Coefficient of friction 


between A and B is u = i and the horizontal surface over which B is placed is 
smooth. (g 210 m/s?) 


6 Example 12 Two blocks A and B of masses 2 kg and 
A — F=2t 


Concept 


In the given example, block A will move due to the applied force but block B moves due to 
friction (between A and B). But there is a limiting value of friction between them. Therefore, 
there is a limiting value of acceleration (of block B). Up to this acceleration they move as a 
single block with a common acceleration, but after that acceleration of B will become 
constant (as friction acting on this block will become constant). But acceleration of A will 
keep on increasing as a time increasing force is acting on it. 


Solution Limiting friction between A and B is 
1 


Block B moves due to friction only. Therefore, maximum acceleration of B can be 


Gene = dr. 210 La bias? 
m 4 


B 
Thus, both the blocks move together 
with same acceleration till the common A [* F-2t B | 
acceleration becomes 2.5 m/s?, after that 

: : f; 2 10N 

acceleration of B will become constant f -10N 
while that of A will go on increasing. To For t27.5s 
find the time when the acceleration of 
both the blocks becomes 2.5 m/s? (or 
when slipping will start between A and B) we will write 


7 NE NE 
(m4+mpg) 6 
t=7.5s 
Hence, for t<7.5s 
F 2t t 
a, =p = EB 


ma4tmpg 6 3 


; ; ; ; ae 1 
Thus, a4 versus t or dp versus t graph is a straight line passing through origin of slope 3 


For, t2'[.5s 
ag 72.5 m/s? = constant 
F- 
and QA 22 in 
ma 
2t —-1 
or dA- 4 or aa=t-5 
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A 8AOr AB 


aa 


2.5 m/s? |---------- 


ap 


i 21 
lan 8 -. 


>t 
7.58 


Thus, a, versus t graph is a straight line of slope 1 and intercept —5. While ag versus t graph is 
a straight line parallel to t-axis. The corresponding graph is as shown in above figure. 


Type 7. When two blocks in contact are given different velocities and after some time, due to 
friction their velocities become equal. 


Concept 
In the figure shown, if v,» v, (or v, £v;) then there is a relative v 
motion between the two blocks. 1- Rough 
As v; > v, , relative motion of A is towards right and relation motion V2 
of Bis towards left. Since, relative motion is there, so kinetic friction Smooth 


(or limiting value of friction) will act in the opposite direction of 

relative motion. This friction (and acceleration due to this force) with decrease the velocity 
of A and increase the velocity of B. After some time when their velocities become equal, 
frictional force between them becomes zero and they continue to be moving with that 
common velocity (as the ground is smooth). 


How to Solve? 
* Find value of kinetic friction or limiting value of friction (f 21i, N or uN) between the two blocks and then 


: f " 
accelerations of these blocks (- z Then write v, 2 v5, as their velocities become same when relatative 
m 


motion is stopped. 


or Ui t at =U, + aot (i) 
Substituting the proper values ofu,, &, U5 and a, in Eq. (i), we can find the time when the velocities become 
equal. 


© Example 13 Coefficient of friction between two 
blocks shown in figure is u = 0.6. The blocks are ? ks} Sms 
given velocities in the directions shown in figure. 
(a) the time when relative motion between them is EE 


stopped. 
(b) the common velocity of the two blocks. 
(c) the displacements of 1 kg and 2 kg blocks upto that instant. (Take g = 10 m/s?) 


Note Assume that lower block is sufficiently long and upper block does not fall from it. 
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Solution Relative motion of 2 kg block is towards right. Therefore, maximum friction on this 
block will act towards left 


3 m/s 
12N 


<— ap 


18 m/s 1kg 


— â] 


f -uN = 0.6) Q) (10) =12 N 


(a) Relative motion between them will stop when, 


U =U) Or Uy, + Ayt=Ug+ Qot 


or —18 + 12t - 3 -6t NO 
Solving we get, t= n S Ans. 
(b) Substituting value of 't'in Eq. (i) either on RHS or on LHS we have, 
common velocity — —4 m/s Ans. 
(c) acu t+ Sat 
=( 19 (2 += 2) 2 
6) 2 6 
-—12.883m Ans. 


l2 
x EI 


7\ 1 TY 
ofz) "gt e(t) 


=-0.58 m Ans. 


Type 8. Acceleration or retardation of a car 


Concept 


A car accelerates or retards due to friction. On a horizontal road maximum available 
friction is [UN oru mg (as N = mg). Therefore, maximum acceleration or retardation of a car 
on a horizontal road is 


On an inclined plane maximum value of friction is uN or u mgcos0 (as N = mgcos0). Now 
mg sin0 is a force which is always downwards but the frictional force varying from 0 to 
u mgcos0 can be applied in upward or downward direction by the application of brakes or 
accelerator. 
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© Example 14 Ona horizontal rough road, value of coefficient of friction u =04. 

Find the minimum time in which a distance of 400m can be covered. The car 
starts from rest and finally comes to rest. 

Solution Maximum friction on horizontal rough road, fir, =U mg 

Maximum acceleration or retardation of the car may be 
Qinax OF ge ae EE y g 
m m 
=04x10=4m/s” 


Let, the car accelerates and retards for time ‘f with 4m/s?. 


Then, i at? + T at?=400m 
2 2 
or at?-400m or 4t?=400 
or t=10s 
Therefore, the minimum time is 20 s (10 s of acceleration and 10 s of retardation). Ans. 


© Example 15 A car is moving up the plane. Angle of inclination is 0 and 
coefficient of friction is u. 
(a) What is the condition in which car can be accelerated? 
If this condition is satisfied then find 
(b) maximum acceleration of the car. 
(c) minimum retardation of the car. 
(d) maximum retardation of the car. 


Solution (a) mg sin 0 in all conditions is downwards but direction of 
friction may be upwards or downwards. We will have to press 
accelerator for upward friction and brakes for downward friction. 


To accelerate the car friction should be upwards. Therefore, car 
can be accelerated if maximum upward friction » mg sin 0 NS 


or umgcos0»mgsinO or pw>tand 


(b) Maximum acceleration 
_ maximum upwards force 


mass 


| umg cos0 - mgsinO tip eos dui) 


m 
(c) Minimum retardation will be zero, when upward friction = mg sin 0 


(d) Maximum retardation 
_ maximum downward force 


m 
_ mgsin0 +u mg cos0 


m 
= (gsin0 +u g cos0) 
This is the case, when maximum friction force acts in downward direction. 


Miscellaneous Examples 


© Example 16 In the adjoining figure, angle of plane 0 is N 
increased from 0° to 90°. Plot force of friction F versus 0 graph. Ús, Uy 
Solution Normal reaction N =mg cos0. Limiting value of static friction, 

fL =H,N =u, mg cos0 D] 


Constant value of kinetic friction 


fx =U; N =u;mg cos 
Driving force down the plane, 


F -mgsin0 
Now block remains stationary and f =F until F becomes equal to f, 
or mgsin0 =u, mg cosO 
or tanO=u, or 0-tan !(1,) -0, (say) 


After this, block starts moving and constant value of kinetic friction will act. Thus, 
For 0 «tan !(u,) or 0, 
f=F=mgsin0 or fesin0 
At, 0=0°, f ZO and at0 - tan! (u,) or 0, 
or f=mgsin®, or g,mgcosO0, 
For 0>tan !(u,) or 9, 
f=f,=U,pmgceos® or f«cosd 
At @=tan ‘(u,) or 0, 
f = umg cos0, and at 0 290? 
f=0 
Corresponding f versus 0 graph is as shown in figure 
In the figure, OP is sine graph and MN is cos graph, 
f, =mgsin 0, =, mg cos6, 
f2 =U; mg cos, 


© Example 17 Figure shows two blocks in contact sliding down an inclined 
surface of inclination 30°. The friction coefficient between the block of mass 2.0 kg 
and the incline is u, = 0.20 and that between the block of mass 4.0 kg and the 
incline is u, = 0.30. Find the acceleration of 2.0 kg block. (g = 10 mls? ). 


NO 
N9 ia 


p 


Solution Since, u4 «ps, acceleration of 2 kg block down the plane will be more than the 
acceleration of 4 kg block, if allowed to move separately. But, as the 2.0 kg block is behind the 
4.0 kg block both of them will move with same acceleration say a. Taking both the blocks as a 
single system: 
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Force down the plane on the system = (4+ 2) g sin 30? 
= 6)(10) (5) =30 N 


Force up the plane on the system 
=u Q)(g) cos 30? + u2(4)(8) cos 30° 
= Qu, + 415) g cos 30? 
= (2 x 0.2 + 4 x 0.3) (10) (0.86) 
213.76 N 

". Net force down the plane is F 230—13.76 216.24 N 

-. Acceleration of both the blocks down the plane will be a. 


- P zi eed m/s? Ans. 
4402 6 
© Example 18 Figure shows a man standing 
stationary with respect to a horizontal conveyor belt $ 
that is accelerating with 1 ms ?. What is the net > E 
force on the man? If the coefficient of static friction = 


between the man’s shoes and the belt is 0.2, upto 

what maximum acceleration of the belt can the man 

continue to be stationary relative to the belt? Mass of the man = 65 kg. 
(g =98 m/s") 


Solution As the man is standing stationary w.r.t. the belt, 


Acceleration of the man = Acceleration of the belt 
2 


-a-ims 
Mass of the man, m —65 kg 
Net force on the man =ma=65x1=65N Ans. 
Given coefficient of friction, u =0.2 
-. Limiting friction, f, =umg 


If the man remains stationary with respect to the maximum acceleration a, of the belt, then 
ma, = fy, - umg 
dy =ug = 0.2 x 9.8 =1.96 ms” Ans. 


are connected by a string passing over a pulley B as shown. 
Another string connects the centre of pulley B to the floor and 
passes over another pulley A as shown. An upward force F is 
applied at the centre of pulley A. Both the pulleys are 
massless. 

Find the acceleration of blocks m and M, if F is 

(a) 100 N 

(b) 300 N 

(c) 500 N (Take g=10 m/s?) 


© Example 19 Two blocks of masses m=5 kg and M = 10 kg l 


Chapter 8 


Solution Let Tj = tension in the string passing over A 
T = tension in the string passing over B 
2T, =F and 2T=T) 


2 T = F14 
(a) T=F/4=25N 
weights of blocks are mg =50 N 
Mg 2100 N 
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As T « mg and Mg both, the blocks will remain stationary on the floor. 


(b T=F4=75N 


As T « Mg and T » mg, M will remain stationary on the floor, whereas 


m will move. 
Acceleration of m, 


,-T-ma _ 18-50 


m 
=5 m/s? 


(c) T=FA=125N 


As T > mg and Mg both the blocks will accelerate upwards. 


Acceleration of m, 
.T-mg 125-50 


ay 
m 
Acceleration of M, 
qs 5 MB 2195 M00 
M 10 


Example 20 Consider the situation shown in 
figure. The block B moves on a frictionless 


surface, while the coefficient of friction between 


A and the surface on which it moves is 0.2. 
Find the acceleration with which the masses 
move and also the tension in the strings. 
(Take g 2 10 m/s”). 


20 kg 


Ans. 


8 kg 


Solution Let a be the acceleration with which the masses move and T, and T; be the tensions 
in left and right strings. Friction on mass A is jung = 8N. Then equations of motion of masses A, 


B and C are 

For mass A T, -8-4a 
For mass B T, = 8a 
For mass C 200 - T, - T, 2 20a 
Adding the above three equations, we get 32a — 192 

or a =6 m/s? 
From Eqs. (i) and (ii), we have T, -48N 


and T, =32N 


NC 
...i) 
... ii) 
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© Example 21 Two blocks A and B of masses 1 kg and 2 kg respectively are 
connected by a string, passing over a light frictionless pulley. Both the blocks are 
resting on a horizontal floor and the pulley is held such that string remains just 
taut.At moment t =0,a force F = 20t newton starts acting on the pulley along 
vertically upward direction as shown in figure. Calculate 
F=20t 


my fe 


(a) velocity of A when B loses contact with the floor. 
(b) height raised by the pulley upto that instant. 
(Take, g=10 m/s?) 


Solution (a) Let T be the tension in the string. Then, 
2T -20t 
or T =10 ¢ newton 


Let the block A loses its contact with the floor at time t = t. This happens when the tension 
in string becomes equal to the weight of A. Thus, 


T =mg 
or 104, 21x10 
Or t =1s ...(1) 
Similarly, for block B, we have 
10t9 22x10 
or i,-2s ... (1) 


i.e. the block B loses contact at 2 s. For block A, at time ¢ such that ¢ 2 t, let a be its 
acceleration in upward direction. Then, 


10¢ -1x10=1xa=(du/dt) 
or dv=10(t — 1) dt ...(iii) 
Integrating this expression, we get 


[i dv - 10 [' (t — 1) dt 
1 


or v=5t?-10t+5 ..-(iv) 
Substituting t = t =2 s 

v=20 -20 + 5= 5 m/s ...(v) 

(b) From Eq. (iv), dy = (5t? — 10t + 5) dt ...(vi) 


where, y is the vertical displacement of block A at time t (2 4). 
Integrating, we have 
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y=h _ t=2 2 
| dy=[ | (5t? — 10t + 5) dt 


y=0 
37 27 
hs5|—| =10|2| «spp eua 
3 2 1 3 
1 d 
, : : h 5 
. Height raised by pulley upto that instant = n — c m Ans. 


© Example 22 Find the acceleration of the body of mass m, in the arrangement 
shown in figure. If the mass m, is ņ times great as the mass m, and the angle 
that the inclined plane forms with the horizontal is equal to 0. The masses of the 
pulleys and threads, as well as the friction, are assumed to be negligible. 


| 


mı j | 
GU 
Solution Here, by constraint relation we can see that the acceleration of m, is two times that 


of m, So, we assume if m, is moving up the inclined plane with an acceleration a, the 
acceleration of mass m, going down is 2a. The tensions in different strings are shown in figure. 


2T, Vor 
z ; 
m Melt 
y ir 
ee NI 
The dynamic equations can be written as 
For mass mı: 2T -m,gsin0-m,a . (i) 
For mass m, : mag — T = ma) ...() 


Substituting m, = nm; and solving Eqs. (i) and (i)),we get 
2g(2n -sin 0) 


Acceleration of m, = 2a = 
4n+1 


© Example 23 In the arrangement shown in figure the mass of the ball 
is n times as great as that of the rod. The length of the rod is l, the I 
masses of the pulleys and the threads, as well as the friction, are 
negligible. The ball is set on the same level as the lower end of the rod t 
and then released. How soon will the ball be opposite the upper end of | 1 
the rod ? | 
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Solution From constraint relation we can see that the acceleration of the rod is 

double than that of the acceleration of the ball. If ball is going up with an | 
acceleration a, rod will be coming down with the acceleration 2a, thus, the relative N H { 2T 
acceleration of the ball with respect to rod is 3a in upward direction. If it takes 

time ¢ seconds to reach the upper end of the rod, we have 


— — 


7908: 

TEAT 
t= 2 ...(1) [ T 
3a a4 | pa 

Let mass of ball be m and that of rod is M, the dynamic equations of these are 
For rod Mg -T = Ma) . (ii) 
For ball 2T -mg = ma ...(ii1) 

Substituting m = nM and solving Eqs. (ii) and (iii), we get 
as EJ T 
n+4 


From Kq. (i), we have t= NES Ans. 
1380 - n 


6 Example 24 Figure shows a small block A of mass m kept at the left end of a 
plank B of mass M 22m and length l. The system can slide on a horizontal road. 
The system is started towards right with the initial velocity v. The friction 
coefficients between the road and the plank is 1/2 and that between the plank and 
the block is 1/4. Find 


IK >| 


(a) the time elapsed before the block separates from the plank. 
(b) displacement of block and plank relative to ground till that moment. 


Solution There will be relative motion between block and plank and plank and road. So at 
each surface limiting friction will act. The direction of friction forces at different surfaces are as 
shown in figure. 


Here, h= A (mg) 
and h= (5) (m + 2m)g = B mg 


Retardation of A is a, = 
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and retardation of B is A= fa-h z2 g 
2m 8 
Since, Q9» 04 
Relative acceleration of A with respect to B is 
3 
a, =Q- =z g 
Initial velocity of both A and B is v. So, there is no relative initial velocity. Hence, 
(a) Applying s- laf? 
1 9 3 2 
or l=—a, t" =— gt 
2" 16? 
l 
t=4 |— Ans. 
3g 
(b) Displacement of block SA = Ust — i at? 
or S4 =4v E Lu. Tor (eaa -£) 
38g 2 4 (3g 4 
or 84 — 4v La l 
3g 3 
Displacement of plank Sg = Upt -i agt” 


or Sp — 4v : k «) 16! (s =a = 4) 
ý 3g 2\8°)\3g RTA B 
or Sg — 4v l Ans. 
3g 3 


Note We can see thats, — sg =l. Which is quite obvious because block A has moved a distance | relative to plank. 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) Ifboth Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion : If net force on a rigid body in zero, it is either at rest or moving with a constant 
linear velocity. Nothing else can happen. 
Reason : Constant velocity means linear acceleration is zero. 

2. Assertion : Three concurrent forces are Kj, E; and F. Angle between F and F, is 30° and 
between F, and E, is 120°. Under these conditions, forces cannot remain in equilibrium. 
Reason : At least one angle should be greater than 180°. 


3. Assertion : Two identical blocks are placed over a rough inclined plane. One block is given an 
upward velocity to the block and the other in downward direction. Ifu = - and9 = 45° the ratio 
of magnitudes of accelerations of two is 2 : 1. 


Reason : The desired ratio is - = 
=H 


4. Assertion : A block Ais just placed inside a smooth box B as shown in figure. Now, the box is 
given an acceleration a = (3j— 21) ms ?. Under this acceleration block A cannot remain in the 


position shown. 
B 


y 
A L. 
x 


Reason : Block will require ma force for moving with acceleration a. 


5. Assertion : A block is kept at rest on a rough ground as shown. Two forces F, and F; are acting 
on it. If we increase either of the two forces F or Fy, force of friction acting on the block will 
increase. 


Reason : By increasing F, normal reaction from ground will increase. 


| j 
F2 
NA 
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6. Assertion : In the figure shown, force of friction on A from B will always be right wards. 
Reason : Friction always opposes the relative motion between two bodies in contact. 


Fix—— A 


B |—^ 


Smooth 


7. Assertion : In the figure shown tension in string AB always lies between mg and mog. 
(m, # Mg) 
A 
B 


ES 


m2 


Reason : Tension in massless string is uniform throughout. 

8. Assertion : Two frames S, and S, are non-inertial. Then frame S, when observed from S, is 
inertial. 
Reason : A frame in motion is not necessarily a non-inertial frame. 

9. Assertion : Moment of concurrent forces about any point is constant. 
Reason : If vector sum of all the concurrent forces is zero, then moment of all the forces about 
any point is also zero. 

10. Assertion : Minimum force is needed to move a block on rough surface, if0 = angle of friction. 
Reason : Angle of friction and angle of repose are numerically same. 
F 


Rough 


11. Assertion : When a person walks on a rough surface, the frictional force exerted by surface on 
the person is opposite to the direction of his motion. 


Reason : It is the force exerted by the road on the person that causes the motion. 
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Objective Questions 
Single Correct Option 


1. 


. For the arrangement shown in the figure, the reading of spring 


Three equal weights A, B and C of mass 2 kg each are hanging on a string passing over 
a fixed frictionless pulley as shown in the figure. The tension in the string connecting 
weights B and C is approximately 

(a) zero | 


(b) 13 N A| m 
(c) 3.8 N è| 
(d) 19.6 N 


. Two balls A and Bof same size are dropped from the same point under gravity. The mass of Ais 


greater than that of B. If the air resistance acting on each ball is same, then 
(a) both the balls reach the ground simultaneously 

(b) the ball A reaches earlier 

(c) the ball B reaches earlier 

(d) nothing can be said 


. A block of mass m is placed at rest on an inclined plane of inclination9 to the horizontal. If the 


coefficient of friction between the block and the plane isp, then the total force the inclined 
plane exerts on the block 1s 
(a) mg (b) u mg cos0 (c) mg sin (d) u mg tan 0 


. In the figure a block of mass 10 kg is 1n equilibrium. Identify the string in which 


the tension is zero. 
(a) B B 
(b) C 


C 
(c) A A 
(d) None of the above 10 kg| 


- s ] . . 2 
. At what minimum acceleration should a monkey slide a rope whose breaking strength is 3 rd of 


its weight ? 
2 
(a) B (b) g (c) B (d) zero 


balance is $a — 
(a) 50 N 

(b) 100 N | 

(c) 150 N Es kg 10kg 2 
(d) None of the above 


. The time taken by a body to slide down a rough 45° inclined plane is twice that required to slide 


down a smooth 45° inclined plane. The coefficient of kinetic friction between the object and 
rough plane is given by 


1 3 
(a) 3 (b) A 


3 2 
(c) "n (d) E 


10. 


11. 


12. 


13. 


14. 
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. The force required to just move a body up the inclined plane is double the force required to just 


prevent the body from sliding down the plane. The coefficient of friction is u. If@ is the angle of 
inclination of the plane than tan0 is equal to 
(a) (b) 3u (c) 2u (d) 0.5 


. A force F accelerates a particle from rest to a velocity v. Another force F, decelerates the same 


particle from v to rest, then 

(a) F is always equal to F 

(b) F, is greater than F; 

(c) Fə may be smaller than, greater than or equal to F, 

(d) F, cannot be equal to F} 

A particle 1s placed at rest inside a hollow hemisphere of radius R. The coefficient of friction 


between the particle and the hemisphere is u = 42 The maximum height up to which the 
particle can remain stationary 1s 

R v3 v3 3R 

2 ioca R a) 22 
ini of Jj ez (dr 


In the figure shown, the frictional coefficient between table and block 1s 0.2. Find the ratio of 
tensions in the right and left strings. 
To Tı 
5kg 


5kg 
15kg | 


(a) 17: 24 (b) 34 : 12 (c) 2:3 (d) 3:2 


A smooth inclined plane of length L having inclination 0 with the horizontal is inside a lift 
which is moving down with a retardation a. The time taken by a body to slide down the inclined 
plane from rest will be 


2L 2L 2L 2L 
(a) Vg asino (b) Vg - asino ©) Va sino (@) \ gsiné 


A block rests on a rough inclined plane making an angle of 30° with horizontal. The coefficient 
of static friction between the block and inclined plane is 0.8. If the frictional force on the block is 
10 N, the mass of the block in kg is (g= 10 m/s?) 


(a) 2.0 (b) 4.0 
(c) 1.6 (d) 2.5 


In figure, two identical particles each of mass m are tied together 
with an inextensible string. This is pulled at its centre with a 
constant force F. If the whole system lies on a smooth horizontal 
plane, then the acceleration of each particle towards each other 1s 


V3 F 1 F 
usw O28 m 
ge (à 3" 

3m m 
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15. A block of mass m is placed at rest on a horizontal rough surface with angle of friction 6. The 
block is pulled with a force F at an angle 9 with the horizontal. The minimum value of F 
required to move the block is 

mg sin $ mg cos $ 


a) (b) 


cos@ — >) cos @— 6) (c) mg tan 6 (d) mg sin $ 


16. A block of mass 4 kg is placed on a rough horizontal plane. A time dependent horizontal force 
F = kt acts on the block. Here k= 2 Ns !. The frictional force between the block and plane at 
time f= 2 is (u = 0.2) 

(a) 4N (b) 8N 
(c) 12 N (d) 10 N 


17. A body takes time ¢ to reach the bottom of a smooth inclined plane of angle @ with the 
horizontal. If the plane 1s made rough, time taken now is 21. The coefficient of friction of the 
rough surface 1s 


3 2 
a) — tan — tand 
e n bz n 
(c) : tan0 (d) - tan 


18. A man of mass m slides down along a rope which is connected to the ceiling of an elevator with 
deceleration a relative to the rope. If the elevator is going upward with an acceleration a 
relative to the ground, then tension in the rope is 
(a) mg (b) m(g + 2a) 

(c) m(g + a) (d) zero 
19. A 50 kg person stands on a 25 kg platform. He pulls on the rope which is attached to the 


platform via the frictionless pulleys as shown in the figure. The platform moves upwards at a 
steady rate 1f the force with which the person pulls the rope is 


(a) 500 N (b) 250 N (c) 25 N (d) None of these 


20. A ladder of length 5 m is placed against a smooth wall as shown in figure. The coefficient of 
friction isu between ladder and ground. What is the minimum value ofu, if the ladder is not to 
slip? 


E? 
uos 


21 


22 


23 


24 


25 


26 


27 
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. Ifa ladder weighing 250 N is placed against a smooth vertical wall having coefficient of friction 
between it and floor 0.3, then what is the maximum force of friction available at the point of 


contact between the ladder and the floor? 


(a) 75 N (b) 50 N 


(c) 35 N (d) 25 N 


. A rope of length L and mass M is being pulled on a rough horizontal floor by a constant 
horizontal force F = Mg. The force is acting at one end of the rope in the same direction as the 
length of the rope. The coefficient of kinetic friction between rope and floor is 1/2. Then, the 


tension at the midpoint of the rope is 


Mg 2Mg 
(a) E (b) E 


(c) g (d) EN 


. A heavy body of mass 25 kg is to be dragged along a horizontal plane l = X) The least force 


required is (1 kgf = 9.8N) 
(a) 25 kgf (b) 2.5 kgf 


V3 


(c) 12.5 kgf (d) 6.25 kgf 


. A block A of mass 4 kg is kept on ground. The coefficient of friction between the block and the 
ground is 0.8. The external force of magnitude 30 N 1s applied parallel to the ground. The 
resultant force exerted by the ground on the block is (g = 10 m/s?) 


(a) 40 N 
(c) zero 


(b) 30 N 
(d) 50N 


. A block A of mass 2 kg rests on another block B of mass 8 kg which rests on a horizontal floor. 
The coefficient of friction between A and Bis 0.2 while that between B and floor 1s 0.5. When a 
horizontal force F of 25 N 1s applied on the block B, the force of friction between A and Bis 


(a)38N 
(c) 2 N 


. A body of mass 10 kg lies on a rough inclined plane of inclination 
0= sin(2) with the horizontal. When the force of 30 N is applied on 


the block parallel to and upward the plane, the total force by the plane 


on the block is nearly along 
(a) OA 
(c) OC 


(b) 4 N 
(d) zero 


(b) OB 
(d) OD 


. In the figure shown, a person wants to raise a block lying on the ground to a height h. In which 
case he has to exert more force. Assume pulleys and strings are light 


(a) Fig. (i) 
(c) Same in both 


(i) 


(ii) 


(b) Fig. (ii) 


(d) Cannot be determined 
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28. A man of mass m stands on a platform of equal mass m and pulls himself by 
two ropes passing over pulleys as shown in figure. If he pulls each rope with 
a force equal to half his weight, his upward acceleration would be 


g 
(a) 2 
g 
(b) Fi 


(c) g 
(d) zero 


29. A varying horizontal force F = at acts on a block of mass m kept on a smooth horizontal surface. 
An identical block is kept on the first block. The coefficient of friction between the blocks is u. 
The time after which the relative sliding between the blocks prevails is 

2m, 2um, 
(a) 8 (by ERE o 7g (d) 2 mga 
a a a 

30. Two particles start together from a point O and slide down along straight smooth wires inclined 
at 30° and 60° to the vertical plane and on the same side of vertical through O. The relative 
acceleration of second with respect to first will be of magnitude 

48, 
(95 () <2 


g 
2 (c) ag (d) g 


Subjective Questions 


1. Find the values of the unknown forces if the given set of forces shown in figure are in 
equilibrium. 


3N 


10N 
60° 


2. Determine the tensions T, and T, in the strings as shown in figure. 


W=4x9.8N 


3. In figure the tension in the diagonal string is 60 N. 


(a) Find the magnitude of the horizontal forces F, and F, that must be 
applied to hold the system in the position shown. 


(b) What is the weight of the suspended block ? 
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4. A ball of mass 1 kg hangs in equilibrium from two strings OA and OB as shown in figure. What 
are the tensions in strings OA and OB? (Take g = 10 m/s’). 


5. Arod OA of mass 4 kg is held in horizontal position by a massless string AB as shown in figure. 
Length of the rod is 2 m. Find 


(a) tension in the string, 
(b) net force exerted by hinge on the rod. (g = 10 m/s”) 


6. Two beads of equal masses m are attached by a string of length 42a and are free to move in a 
smooth circular ring lying in a vertical plane as shown in figure. Here, a is the radius of the 
ring. Find the tension and acceleration of B just after the beads are released to move. 

A 


T. Two blocks of masses 1 kg and 2 kg are connected by a string AB of mass 1 kg. The blocks are 
placed on a smooth horizontal surface. Block of mass 1 kg 1s pulled by a horizontal force F of 
magnitude 8 N. Find the tension in the string at points A and B. 


A B 
2kg 1kg F=8N 


8. Two blocks of masses 2.9 kg and 1.9 kg are suspended from a rigid support S by S 


two inextensible wires each of length 1 m, as shown in the figure. The upper wire | 
has negligible mass and the lower wire has a uniformly distributed mass of 0.2 kg. 

The whole system of blocks, wires and support have an upward acceleration of 2.9 kg 

0.2 m/s?. Acceleration due to gravity is 9.8 m/s”. 

(a) Find the tension at the mid-point of the lower wire. 

(b) Find the tension at the mid-point of the upper wire. 1.9 kd 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


Two blocks shown in figure are connected by a heavy uniform rope of mass 4 kg. An {F= 200 N 


upward force of 200 N is applied as shown. 5 kg 

(a) What is the acceleration of the system ? 

(b) What is the tension at the top of the rope ? 4kg 
(c) What is the tension at the mid-point of the rope ? 

(Take g 29.8 m/s?) 7r 


A 4m long ladder weighing 25 kg rests with its upper end against a smooth wall and lower end 
on rough ground. What should be the minimum coefficient of friction between the ground and 
the ladder for it to be inclined at 60° with the horizontal without slipping? (Take g = 10 m/s’). 


A plumb bob of mass 1 kg is hung from the ceiling of a train compartment. The train moves on 
an inclined plane with constant velocity. If the angle of incline is 30°. Find the angle made by 
the string with the normal to the ceiling. Also, find the tension in the string. (g = 10 m/s?) 


Repeat both parts of the above question, if the train moves with an acceleration a = g/2 up the 
plane. 


Two unequal masses of 1 kg and 2 kg are connected by a string going over a clamped === 
light smooth pulley as shown in figure. The system is released from rest. The larger | 
mass is stopped for a moment 1.0 s after the system is set in motion. Find the time 
elapsed before the string is tight again. 


"ng | 
2kg 
In the adjoining figure, a wedge is fixed to an elevator moving upwards | 


with an acceleration a. A block of mass m is placed over the wedge. Find 
the acceleration of the block with respect to wedge. Neglect friction. 


a 


V 
8 


In figure m, = 1 kg and m, = 4 kg. Find the mass M of the hanging block which will prevent the 
smaller block from slipping over the triangular block. All the surfaces are frictionless and the 
strings and the pulleys are light. 


Note In exercises 16 to 18 the situations described take place in a box car which has initial velocity v = 0 but acceleration 


a- (5 m/s^)i.(Take g 210 m/s?) 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 
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A 2 kg object is slid along the frictionless floor with initial velocity (10 m/s)i (a) Describe the 
motion of the object relative to car (b) when does the object reach its original position relative to 
the box car. 


A 2 kg object is slid along the frictionless floor with initial transverse velocity (10 m/s) k. 
Describe the motion (a) in car’s frame and (b) in ground frame. 


A 2 kg object is slid along a rough floor (coefficient of sliding friction = 0.3) with initial velocity 
(10 m/s) i. Describe the motion of the object relative to car assuming that the coefficient of static 
friction is greater than 0.5. 


A block is placed on an inclined plane as shown in 
figure. What must be the frictional force between block 
and incline if the block is not to slide along the incline lm 
when the incline is accelerating to the right at 3 m/s” 


(sin 37° = 3. (Take g = 10 m/s”) Ja 


A 6 kg block is kept on an inclined rough surface as shown in figure. 
Find the force F required to 
(a) keep the block stationary, 
(b) move the block downwards with constant velocity and 


(c) move the block upwards with an acceleration of 4 m/s”. 
(Take g - 10 m/s?) 


A block of mass 200 kg is set into motion on a frictionless 
horizontal surface with the help of frictionless pulley and a rope 
system as shown in figure. What horizontal force F should be 
applied to produce in the block an acceleration of 1 m/s? ? 


A cube of mass 2 kg is held stationary against a rough wall by a force F = 40N passing through 
centre C. Find perpendicular distance of normal reaction between wall and cube from point C. 
Side of the cube is 20 cm. Take g = 10 m/s”. 


A 20 kg monkey has a firm hold on a light rope that passes over a frictionless pulley and is 

attached to a 20 kg bunch of bananas. The monkey looks upward, sees the bananas and starts to 

climb the rope to get them. 

(a) As the monkey climbs, do the bananas move up, move down or remain at rest ? 

(b) As the monkey climbs, does the distance between the monkey and the bananas decrease, 
increase or remain constant ? 

(c) The monkey releases her hold on the rope. What happens to the distance between the monkey 
and the bananas while she is falling ? 

(d) Before reaching the ground, the monkey grabs the rope to stop her fall. What do the bananas 
do ? 
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24. In the pulley-block arrangement shown in figure, find the relation between acceleration of blocks 
A and B. 


E 


25. In the pulley-block arrangement shown in figure, find relation between a, , ag and ag. 


26. In the figure shown, find : (g= 10 m/s?) 


1 kg 


(a) acceleration of 1 kg, 2 kg and 3 kg blocks and 
(b) tensions T, and T}. 


27. Find the acceleration of the blocks A and B in the situation shown in the figure. 


28. 


29. 


30. 


31. 


32. 
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A conveyor belt is moving with constant speed of 6 m/s. A small block is just dropped on it. 
Coefficient of friction between the two is u = 0.3. Find 


- 


——- 


-—— — 


6 m/s 


(a) The time when relative motion between them will stop. 
(b) Displacement of block upto that instant. (g = 10 m/s?). 


Coefficient of friction between two blocks shown in figure is u = 0.4. The blocks are given 
velocities of 2 m/s and 8 m/s 1n the directions shown in figure. Find 


1 kg— 2 m/s 


2 kg 


Smooth 


8 m/s 


(a) the time when relative motion between them will stop. 
(b) the common velocities of blocks upto that instant. 
(c) displacements of 1 kg and 2 kg blocks upto that instant. (g = 10 m/s?) 


A 2 kg block is pressed against a rough wall by a force F = 20 N as shown in figure. Find 
acceleration of the block and force of friction acting on it. (Take g = 10 m/s?) 


20N lis = 0.8 
d u= 0.6 


Wall 


A 2 kg block is kept over a rough ground with coefficient of friction u = 0.8 as shown in figure. A 
time varying force F = 2t (F in newton and £ in second) is applied on the block. Plot a graph 
between acceleration of block versus time. (g = 10 m/s?) 


2kg F=2t 


u=0.8 


A 6 kg block is kept over a rough surface with coefficients of friction u, = 0.6 and u, = 0.4 as 
shown in figure. A time varying force F = 4t (Fin newton and żin second) is applied on the block 
as shown. Plot a graph between acceleration of block and time. (Take g = 10 m/s?) 


6 kg F=4t 


LEVEL 2 


Objective Questions 
Single Correct Option 


1. What is the largest mass of C in kg that can be suspended 
without moving blocks A and B? The static coefficient of 
friction for all plane surface of contact is 0.3. Mass of block A 
is 50kg and block B 1s 70kg. Neglect friction in the pulleys. 
(a) 120 kg 
(b) 92 kg 
(c) 81 kg 
(d) None of the above 


2. A sphere of mass 1 kg rests at one corner of a cube. The cube is moved with a 
velocity v =(8¢i— 2t”)j, where tis time in second. The force by sphere on the t h ë | 
cube at t = 1s is (g = 10 ms ?) [Figure shows vertical plane of the cube] 

(a)8N (b) 10N 
(c) 20 N (d)6N — 


3. A smooth block of mass m is held stationary on a smooth wedge of mass M 
and inclination 0 as shown in figure. If the system 1s released from rest, 
then the normal reaction between the block and the wedge is 
(a) mg cos0 
(b) less than mg cos [N 
(c) greater than mg cos0 
(d) may be less or greater than mg cos0 depending upon whether M is less or greater than m 


y 


4. Two blocks of masses m, and m, are placed in contact with each other on a horizontal platform 
as shown in figure. The coefficient of friction between m, and platform is 2u and that between 
block m, and platform is u. The platform moves with an acceleration a. The normal reaction 
between the blocks is 


mı m» 
Q,£ 82 -— 
d 
(a) zero in all cases (b) zero only if m, =m, 
(c) non zero only if a > 2 ug (d) non zero only if a > ug 


5. A block of mass m is resting on a wedge of angle 0 as shown in the figure. With what minimum 
acceleration a should the wedge move so that the mass m falls freely? 


a 
(N 


(a) g (b) g cos 
(c) g cot0 (d) g tan0 


6. To a ground observer the block C is moving with v, and the block A with 
vand Bis moving with vs relative to C as shown in the figure. Identify 


10. 


the correct statement. 
(a) v — v2 = vo 

(b) u 2 v; 

(c) v + Up = Us 

(d) None of the above 


m, in given situations, then 


—— a 


(a) ay > as > Q3 
(c) a, = a5 = Q3 


. For the arrangement shown in figure the coefficient of friction between 
the two blocks is u. If both the blocks are identical and moving, then the 


acceleration of each block is 


F 
(a) —— -2ug 
2m 


F 
(c) v. B 


. In the arrangement shown in the figure the rod R is restricted to move in the 
vertical direction with acceleration a,, and the block B can slide down the fixed 
wedge with acceleration as. The correct relation between a, and a; is given by 


(a) a = a, sind 
(b) ag sin 8 = a, 
(c) ag cos =a, 
(d) a = a, cos8 
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. In each case m, = 4kg and m, = 3kg. Ifa,, a; and azare the respective accelerations of the block 


fe . Y | 
Ed dá 30* a 


m 


(b) a, > as = a5 
(d) a, > a4 > a5 


F 
(b) rem 


ei. 


Smooth 


(d) zero 


In the figure block moves downwards with velocity uj, the wedge moves rightwards with 
velocity və. The correct relation between v, and vg is 


(a) U2 =U, 
(c) 2v, sin 8 = v 


(b) v, = v, sin8 
(d) v, (1 + sin0) =v, 
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11. 


12. 


13. 


14. 


15. 


16. 


In the figure, the minimum value of a at which the cylinder starts rising up the inclined surface 
is 


(a) gtan0 (b) gcot® (c) g sin 0 (d) g cos0 
When the trolley shown in figure is given a horizontal acceleration a, the 
pendulum bob of mass m gets deflected to a maximum angle 0 with the 
vertical. At the position of maximum deflection, the net acceleration of 
the bob with respect to trolley 1s 


(a) Jg? a? (b) a cos 


(c) gsin0 — a cos0 (d) a sin0 


In the arrangement shown in figure the mass M is very heavy compared to m (M >> m). D: 
The tension Tin the string suspended from the ceiling is ; 
(a) 4 mg (b) 2 mg | 


(c) zero (d) None of these $ 


A block rests on a rough plane whose inclination 6 to the horizontal can be varied. Which 
of the following graphs indicates how the frictional force F between the block and the 
plane varies as 0 is increased ? 


F F F F 
I 
i e 8 E e 
O 90° O 90° O 90° (e 90° 
(a) (b) (c) (d) 


The minimum value of u between the two blocks for no slipping is 


Smooth 


F 
uem DE Or @ 


A block is sliding along an inclined plane as shown in figure. If the 
acceleration of chamber is a as shown in the figure. The time required to 
cover a distance L along incline is 


A mi — MN 
\ gsin® - a cos gsin0 - asinð 
A EE. (a) |—* 
| gsin0 + a cos 8 sinO 


—> a 


17. 


18. 


19. 


20. 


21. 
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In the figure, the wedge is pushed with an acceleration of 


1043 m/s”. It is seen that the block starts climbing up on the ". " i e—a = 1048 m/s? 


smooth inclined face of wedge. What will be the time taken 
by the block to reach the top? 


(a) s (s - 
45 V5 
(c) V5 s (d) B s 
Two blocks A and Bare separated by some distance and tied by a string as shown in the figure. 


The force of friction in both the blocks at t= 2 s is 


m,=1kg Mz =2kg 
F'z 2t | | | F=15N 
H1 = 0.6 j2 = 0.5 
(a) 4N œ), 5 N(—) (b 2 Nœ), 5 N(—) 
(c) O Nœ), 10 N(—) (d) 1 N(—),10 N(——) 


All the surfaces and pulleys are frictionless in the shown arrangement. Pulleys P and Q are 
massless. The force applied by clamp on pulley P is 


(a) TE CJ8i-ap 0) TE (Bi + 39) 
(c) E 42 (d) None of these 


Two blocks of masses 2 kg and 4 kg are connected by a light string and kept on horizontal 
surface. A force of 16 N 1s acted on 4 kg block horizontally as shown in figure. Besides, it is given 
that coefficient of friction between 4 kg and ground is 0.3 and between 2 kg block and ground is 
0.6. Then frictional force between 2 kg block and ground is 


u-06 F - 16N 
U m 


u=0.3 


(a) 12 N (b) 6 N 
(c) 4 N (d) zero 
A smooth rod of length lis kept inside a trolley at an angle0 as shown in 


the figure. What should be the acceleration a of the trolley so that the —»- 
rod remains in equilibrium with respect to 1t? a 


(a) gtan0 (b) g cos0 
(c) gsin 0 (d) g cot® 
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22. A car begins from rest at time t= 0, and then accelerates along a 


straight track during the interval 0<t< 2s and thereafter with 
constant velocity as shown in the graph. A coin is initially at rest on 
the floor of the car. At t= 1 s, the coin begins to slip and its stops l 
slipping at t = 3 s. The coefficient of static friction between the floor i 
and the coin is (g = 10 m/s”) ! 
(a) 0.2 (b) 0.3 1 2 
(c) 0.4 (d) 0.5 


I 
i 
I 
| 
3 4 (s) 


23. A horizontal plank is 10.0 m long with uniform density and mass 10 kg. It rests on two supports 


24. 


25. 


26. 


2T. 


which are placed 1.0 m from each end as shown in the figure. A man of mass 80 kg can stand 
upto distance x on the plank without causing it to tip. The value of xis 


x 
re ae er 
al 1 3 1 
a m mm em ou 


A block is kept on a smooth inclined plane of angle of inclination 0 that moves with a constant 
acceleration so that the block does not slide relative to the inclined plane. If the inclined plane 
stops, the normal contact force offered by the plane on the block changes by a factor 

(a) tan0 (b) tan” 

(c) cos?0 (d) cot0 

A uniform cube of mass m and side a is resting in equilibrium on a rough 45° inclined surface. 


The distance of the point of application of normal reaction measured from the lower edge of the 
cube is 


(a) zero (b) s 
a a 
(c) m (d) "i 


A horizontal force F = = is applied on the upper surface of a uniform cube of mass m and side a 


which is resting on a rough horizontal surface having u = 5 The distance between lines of 


action of mg and normal reaction is 


a a 
a) — by 4 
(a) > OF 
o$ (d) None of these 
Two persons of equal heights are carrying a long uniform wooden plank A B 


of length /. They are at distance P and e from nearest end of the rod. The 


ratio of normal reaction at their heads is 
(a) 2:3 (b) 1:3 
(c) 4:3 (d) 1:2 


28. 


29. 


30. 


31. 


32. 


33. 
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A ball connected with string is released at an angle 45° with the 
vertical as shown in the figure. Then the acceleration of the box at 


this instant will be (mass of the box is equal to mass of ball) Smooth 


S S 
= b) 2 Surface 
m b) 


g 
QE (d) g 


In the system shown in figure all surfaces are smooth. Rod is moved by 

external agent with acceleration 9 ms ? vertically downwards. Force i 
exerted on the rod by the wedge will be 

(a) 120 N 

(b) 200 N 

(d) 180 N 


A thin rod of length 1 m is fixed in a vertical position inside a train, which is moving 
horizontally with constant acceleration 4 ms ?. A bead can slide on the rod and friction 
coefficient between them 1s 0.5. If the bead is released from rest at the top of the rod, it will 
reach the bottom in 

(a) V2 s (b) 1s (c) 2s (d) 0.5 s 

Mr. X of mass 80 kg enters a lift and selects the floor he wants. The lift now accelerates upwards 
at 2 ms ? for 2 s and then moves with constant velocity. As the lift approaches his floor, it 
decelerates at the same rate as it previously accelerates. If the lift cables can safely withstand a 
tension of 2 x 10* N and the lift itself has a mass of 500 kg, how many Mr. X's could it safely 
carry at one time? 

(a) 22 (b) 14 

(c) 18 (d) 12 

A particle when projected in vertical plane moves along smooth surface with initial velocity 
20 ms! at an angle of 60°, so that its normal reaction on the surface remains zero throughout 
the motion. Then the slope of the surface at height 5m from the point of projection will be 


Ke 


(a) V3 (b) 1 
(c) 2 (d) None of these 


Two blocks A and B, each of same mass are attached by a thin inextensible string through an 
ideal pulley. Initially block Bis held in position as shown in figure. Now, the block Bis released. 
Block A will slide to right and hit the pulley in time £4. Block B will swing and hit the surface in 
time £p. Assume the surface as frictionless, then 


|< l >< 1 >| 


A B 


(a) t4 > tp (b) t4 < tp (c) t4 = tg (d) data insufficient 
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34. 


35. 


36. 


37. 


38. 


Three blocks are kept as shown in figure. Acceleration of 20 kg block with respect to ground is 


(a) 5 ms? (b) 2ms? (c) lms” (d) None of these 
A sphere of radius R is in contact with a wedge. The point of contact is Z from the ground as 


shown in the figure. Wedge is moving with velocity 20 ms ! towards left then the velocity of the 
sphere at this instant will be 


| 20m/s 


(a) 20 ms! (b) 15 ms! (c) 16 ms! (d) 12 ms! 


In the figure it is shown that the velocity of lift is 2 ms ! while string is winding on the motor 


shaft with velocity 2 ms ! and shaft Ais moving downward with velocity 2 ms ! with respect to 
lift, then find out the velocity of block B 


(a) 2ms 1T (b) 2ms^ ll (c) 4 ms 1T (d) None of these 


A monkey pulls the midpoint of a 10 cm long light inextensible string connecting two identical 
objects A and B lying on smooth table of masses 0.3 kg continuously along the perpendicular 
bisector of line joining the masses. The masses are found to approach each other at a relative 
acceleration of 5 ms ? when they are 6 cm apart. The constant force applied by monkey is 

(a) 4N (b 2N (c) 3 N (d) None of these 


In the figure shown the block B moves with velocity 10 ms !. The velocity of A in the position 
shown is 


(a) 12.5 ms! (b) 25 ms! (c) 8 ms! (d) 16 ms! 


39. 


40. 


41. 


42. 


43. 
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In the figure m4 = mg = m, = 60 kg. The coefficient of friction between C and ground is 0.5, B 
and ground is 0.3, A and B 1s 0.4. C 1s pulling the string with the maximum possible force 
without moving. Then the tension in the string connected to A will be 


C EU —: . 


^w M: 


(a) 120 N (b) 60 N 
(c) 100 N (d) zero 


In the figure shown the acceleration of A is a4 = 51-4 15j ). Then the acceleration of Bis 
(A remains in contact with B) 


Pai 


(a)5i (b) - 15i 
(c) - 10i (d-5i 


Two blocks A and B each of mass m are placed on a smooth 
horizontal surface. Two horizontal forces F and 2F are applied on F 2F 
the blocks A and B respectively as shown in figure. The block A does A 


not slide on block B. Then the normal reaction acting between the 
two blocks is 


F F 
a)F — c) = d) 3F 
(a) (b) 2 (c) NE (d) 
Two beads A and B move along a semicircular wire frame as shown in figure. C 


The beads are connected by an inelastic string which always remains tight. g 
At an instant the speed of Ais u, Z BAC = 45° and BOC = 75°, where O is 


the centre of the semicircular arc. The speed of bead B at that instant is O (centre) 
(a) V2u (b) u | 
u 2 A vU 
= d) |Z 
v 2/2 we fe D 


If the coefficient of friction between A and B is u, the maximum acceleration of the wedge A for 
which B will remain at rest with respect to the wedge is 


Q 


(a) ug o «(4 osi) (a € 
-u nm " 
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44. 


45. 


46. 


47. 


A pivoted beam of negligible mass has a mass suspended from one -«»———b5—— 
end and an Atwood’s machine suspended from the other. The + A h 
frictionless pulley has negligible mass and dimension. Gravity is M| 

directed downward and M, = 3M, J, = 34. Find the ratio M,/M, 
which will ensure that the beam has no tendency to rotate just after 
the masses are released. 


Mi Mi 
(a) M, (b) M, M2!) Ms 
(c) Wr -4 (d) None of these 


2 


A block of mass m slides down an inclined right angled trough. If the 

coefficient of friction between block and the trough is u}, acceleration of 

the block down the plane is 

(a) g(sin0 + V2, cos) 

(b) g(sin0 + u, cos0) 

(c) g (sin0 — 42 u, cos 0) 2 
(d) g (sin0 - u, cos0) 


If force F is increasing with time and at t= 0, F = 0, where will slipping first start? 


(a) between 3 kg and 2 kg (b) between 2 kg and 1 kg 
(c) between 1 kg and ground (d) Both (a) and (b) 


A plank of mass 2 kg and length 1 m 1s placed on horizontal floor. A small block of mass 1 kg is 
placed on top of the plank, at its right extreme end. The coefficient of friction between plank and 
floor is 0.5 and that between plank and block is 0.2. If a horizontal force = 30 N starts acting on 
the plank to the right, the time after which the block will fall off the plank is 

(g - 10 ms?) 


(a) B s (b)15s (c) 0.75 s (d) (5) s 


More than One Correct Options 


1. 


Two blocks each of mass 1 kg are placed as shown. They are connected by a string which passes 
over a smooth (massless) pulley. 


There is no friction between m, and the ground. The coefficient of friction between m, and ms is 
0.2. A force F is applied to ms. Which of the following statements is/are correct? 

(a) The system will be in equilibrium if F <4N 

(b) If F > 4 N tension in the string will be 4 N 

(c) If F >4N the frictional force between the blocks will be 2 N 

(d) If F 26 N tension in the string will be 3 N 
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2. Two particles A and B, each of mass m are kept stationary by applying a horizontal force F = mg 
on particle Bas shown in figure. Then 


(a) tanp =2 tana (b) 27, 2 5T; 
(c) V2 T, = J5T; (d) o. =B 
3. The velocity-time graph of the figure shows the motion of a wooden v (m/s) 


block of mass 1 kg which is given an initial push at t= 0 along a 

horizontal table. 

(a) The coefficient of friction between the block and the table is 0.1 

(b) The coefficient of friction between the block and the table is 0.2 

(c) If the table was half of its present roughness, the time taken by the 
block to complete the journey is 4 s 

(d) If the table was half of its present roughness, the time taken by the 4 
block to complete the journey is 8s 


t (s) 


4. As shown in the figure, A is a man of mass 60kg standing on a block B of mass 40 kg kept on 
ground. The coefficient of friction between the feet of the man and the block 1s 0.3 and that 
between B and the ground is 0.2. If the person pulls the string with 125 N force, then 


(a) B will slide on ground 

(b) A and B will move with acceleration 0.5 ms” 

(c) the force of friction acting between A and B will be 125 N 

(d) the force of friction acting between B and ground will be 250 N 


5. In the figure shown A and B are free to move. All the surfaces are smooth. Mass of Ais m. Then 


(a) the acceleration of A will be more than g sin 0 
(b) the acceleration of A will be less than gsin0 


(c) normal reaction on A due to B will be more than mg cos0 
(d) normal reaction on A due to B will be less than mg cos0 
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6. 


10. 


11. 


. For the given situation shown in figure, choose the correct 


M, =3kg, Mp = 4 kg, and Mc = 8 kg. Coefficient of friction between any two surfaces is 0.25. 
Pulley is frictionless and string is massless. A 1s connected to wall through a massless rigid rod. 


(a) value of F to keep C moving with constant speed is 80 N 

(b) value of F to keep C moving with constant speed is 120 N 

(c) if F is 200 N then acceleration of B is 10 ms? 

(d) to slide C towards left, F should be at least 50 N (Take g 2 10 ms?) 


. A man pulls a block of mass equal to himself with a light string. The coefficient of friction 


between the man and the floor 1s greater than that between the block and the floor 
(a) if the block does not move, then the man also does not move 

(b) the block can move even when the man is stationary 

(c) if both move then the acceleration of the block is greater than the acceleration of man 


(d) if both move then the acceleration of man is greater than the acceleration of block 


. A block of mass 1 kg is at rest relative to a smooth wedge moving 1kg 
leftwards with constant acceleration a= 5 ms ?. Let N be the normal » 
reaction between the block and the wedge. Then (g= 10 ms ?) a<—_ 
(a) N 2 545 newton (b) N 215 newton 
(c) tan 0 =; (d) tan0 =2 EE Sica 


options (g = 10 ms ?) 

(a) At t = 1 s, force of friction between 2 kg and 4 kg is 2 N 
(b) At t = 1 s, force of friction between 2 kg and 4 kg is zero 
(c) At t 24 s, force of friction between 4 kg and ground is 8 N 
(d) At t 2 15 s, acceleration of 2kg is 1 ms? 


In the figure shown, all the strings are massless and friction is absent ——— 
everywhere. Choose the correct options. 4» 
(a) T, > T; 
(bm xm 
(c) T; > T, 
(DI, sq 


Force acting on a block versus time graph is as F(N) 
shown in figure. Choose the correct options. 

(g- 10 ms?) 10 
(a) At t =2 s, force of friction is 2 N 

(b) At t=8s, force of friction is 6 N 

(c) At t — 10 s, acceleration of block is 2 ms ? 

(d) At t 2 12 s, velocity of block is 8 ms! 
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12. For the situation shown in figure, mark the correct options. 


w=0.4 
N 2kg | 
4kg F - 2t 


moo 


(a) At t 2 3 s, pseudo force on 4 kg block applied from 2 kg is 4 N in forward direction 
(b) At t 2 3s, pseudo force on 2 kg block applied from 4 kg is 2 N in backward direction 
(c) Pseudo force does not make an equal and opposite pairs 

(d) Pseudo force also makes a pair of equal and opposite forces 


13. For the situation shown in figure, mark the correct options. 

(a) Angle of friction is tan ! (1) 

(b) Angle of repose is tan! (u) 

(c) At 0 = tan (1), minimum force will be required to move the block 
uMg 


AER 


(d) Minimum force required to move the block is 


Comprehension Based Questions 
Passage 1 (Q. Nos. 1 to 5) 


A man wants to slide down a block of mass m which is kept on a fixed m 
inclined plane of inclination 30? as shown in the figure. Initially the block : 
is not sliding. 

To just start sliding the man pushes the block down the incline with a force 
F. Now, the block starts accelerating. To move it downwards with constant 
speed the man starts pulling the block with same force. Surfaces are such 
that ratio of maximum static friction to kinetic friction is 2. Now, answer the following 


questions. 
1. What is the value of F? 
mg mg mgv3 
me by 2 MENG 
m a (c) 1 oTe 
2. What is the value ofu ,, the oo of static maa al 
4 
a) —= c 
EN () 9 m (5 
3. If the man continues pushing the block by force F, its acceleration would be 
8 8 8 8 
5 5 5 d) & 
(a) 6 (b) 5 (c) j (d) 3 
4. Ifthe man wants to move the block up the incline, what minimum force is required to start the 
motion? 
2 mg Tmg 5mg 
= I a“ d) 22E 
(a) gmg (b) > (c) A (d) 6 


5. What minimum force is required to move it up the incline with constant speed? 
2 m "lm 5m 
(a) 5 mg (b) 7E () E qp 8 
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Passage 2 (Q. Nos. 6 to 7) 


A lift with a mass 1200 kg is raised from rest by a cable with a tension 1350 kg-f. After some time 
the tension drops to 1000 kg-f and the lift comes to rest at a height of 25 m above its initial point. 


(1 kg-f = 9.8 N) 
6. What is the height at which the tension changes? 
(a) 10.8 m (b) 12.5 m 
(c) 14.3 m (d) 16 m 
7. What is the greatest speed of lift? 
(a) 9.8 ms! (b) 7.5 ms! 
(c) 5.92 ms! (d) None of these 


Passage 3 (Q. Nos. 8 to 9) 


Blocks A and B shown in the figure are connected with a bar of negligible 
weight. A and B each has mass 170 kg, the coefficient of friction between A 
and the plane is 0.2 and that between B and the plane is 0.4 (g = 10 ms ?) 


8. What is the total force of friction between the blocks and the plane? 


(a) 900 N (b) 700 N 
(c) 600 N (d) 300 N 
9. What is the force acting on the connecting bar? 
(a) 140 N (b) 100 N 
(c) 75 N (d) 125 N 
Match the Columns 
1. 
2kg F 
Hs, Uk 


Force acting on a block versus time and acceleration versus time graph are as shown in figure. 
Taking value of g= 10 ms ?, match the following two columns. 


Column I Column II 
(a) Coefficient of static friction (p 0.2 
(b) Coefficient of kinetic friction (q) 0.3 
(c) Force of friction (in N) at t =0.1s (r) 0.4 


(d) Value of 19 where a is acceleration of block (in m/s”) at (s 0.5 


t=8s 
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2. Angle 0 is gradually increased as shown in figure. For the given situation match the following 
two columns. (g = 10 ms ?) 


Column I Column II 


(a) Force of friction when 0 - 0? (p 10N 
(b) Force of friction when 0 290? | (q) 10/3 N 
(c) Force of friction when 0 = 30° (v) 10 N 


B 


(d) Force of friction when 0 =60° | (s) None of the above 


3. Match the following two columns regarding fundamental forces of nature. 


ColumnI Column II 
(a) Force of friction (p) field force 
(b) Normal reaction (q) contact force 
(c) Force between two neutrons |(r) electromagnetic force 
(d) Force between two protons (s) nuclear force 


4. In the figure shown, match the following two columns. (g = 10 ms ?) 


5 m/s? 
—— 
10N - g] 5204 
Hk z 0.3 
F 
Column I Column II 
(a) Normal reaction (p 5N 
(b) Force of friction when F 215 N (q) 10N 
(c) Minimum value of F for stopping the block moving Œ) 15N 


down 
(d) Minimum value of F for stopping the block moving up | (s) None of the above 


5. There is no friction between blocks B and C. But ground is rough. Pulleys are smooth and 
massless and strings are light. For F = 10 N, whole system remains stationary. Match the 
following two columns.(mpg = mc = 1kg and g - 10 ms ?) 


P. P. 
3 B 2 
Smooth 
P4 C Pi 
A F 
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Column I Column II 


(a) Force of friction between A and ground (p) 10 N 

(b) Force of friction between C and ground (q) 20 N 

(c) Normal reaction on C from ground (r) 5N 

(s) None of the above 


(d) Tension in string between P and Pj 


6. Match Column I with Column II. 
Note Applied force is parallel to plane. 


ColumnI Column II 


(a) If friction force is less than applied (p) Static 
force then friction may be 


(b) If friction force is equal to the force (q) Kinetic 
applied, then friction may be 

(c) If a block is moving on ground, then | (r) Limiting 
friction is 

(d) If a block kept on ground is at rest, (s) No conclusion can 
then friction may be be drawn 


7. For the situation shown in figure, in Column I, the statements regarding friction forces are 
mentioned, while in Column II some information related to friction forces are given. Match the 
entries of Column I with the entries of Column II (Take g - 10 ms?) 


u-02 2kg 
u=0.1 "3kg 
F = 100N 
5kg | 
Smooth 
Column I Column II 

(a) Total friction force on 3 kg block is (p) Towards right 
(b) Total friction force on 5 kg block is (q) Towards left 
(c) Friction force on 2 kg block due to 3 kg (r) Zero 

block is 
(d) Friction force on 3 kg block due to 5 kg (s Non-zero 

block is 


8. If the system is released from rest, then match the following two columns. 
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Column I Column II 
(a) Acceleration of 2 kg mass (p) 2SI unit 
(b) Acceleration of 3 kg mass (q) 5 SI unit 
(c) Tension in the string connecting 2 kg mass | (r) Zero 
(d) Frictional force on 2 kg mass (s) None of these 


Subjective Questions 


1. A small marble is projected with a velocity of 10 m/s in a direction 45? from the y-direction on 
the smooth inclined plane. Calculate the magnitude v of its velocity after 2s. (Take g = 10 m/s?) 


2. Determine the acceleration of the 5 kg block A. Neglect the mass of the pulley and cords. The 
block B has a mass of 10 kg. The coefficient of kinetic friction between block B and the surface 
isu, = 0.1. (Take g = 10 m/s?) 


3. A 30 kg mass is initially at rest on the floor of a truck. The coefficient of static friction between 
the mass and the floor of truck in 0.3 and coefficient of kinetic friction 1s 0.2. Initially the truck 
1s travelling due east at constant speed. Find the magnitude and direction of the friction force 
acting on the mass, if : (Take g = 10 m/s?) 


(a) The truck accelerates at 1.8 m/s? eastward 
(b) The truck accelerates at 3.8 m/s? westward. 


4. A 6 kg block B rests as shown on the upper surface of a 15 kg wedge A. Neglecting friction, 
determine immediately after the system 1s released from rest (a) the acceleration of A (b) the 
acceleration of B relative to A. (Take g = 10 m/s?) 
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5. In the arrangement shown in the figure, the rod of mass m held by two smooth walls, remains 
always perpendicular to the surface of the wedge of mass M. Assuming all the surfaces are 
frictionless, find the acceleration of the rod and that of the wedge. 


LA 


6. At the bottom edge of a smooth vertical wall, an inclined plane is kept at an angle of 45°. A 
uniform ladder of length l and mass M rests on the inclined plane against the wall such that it is 
perpendicular to the incline. 


(a) If the plane is also smooth, which way will the ladder slide. 
(b) What is the minimum coefficient of friction necessary so that the ladder does not slip on the 


incline? 
T. A plank of mass M 1s placed on a rough horizontal surface and a me 
constant horizontal force F'is applied on it. A man of mass m runs 
on the plank. Find the range of acceleration of the man so that the M F 
plank does not move on the surface. Coefficient of friction — 


between the plank and the surface is u. Assume that the man 
does not slip on the plank. 


8. Find the acceleration of two masses as shown in figure. The pulleys are light and frictionless 
and strings are light and inextensible. 


di 


9. The upper portion of an inclined plane of inclination à is smooth and the lower portion is rough. 
A particle slides down from rest from the top and just comes to rest at the foot. If the ratio of 
smooth length to rough length 1s m : n, find the coefficient of friction. 


10. 


11. 


12. 


13. 


14. 
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Block B rests on a smooth surface. If the coefficient of static friction 100 N 
between A and B is u = 0.4. Determine the acceleration of each, if 
(a) F 30 N and 

(b) F 2250 N (g 2 10 m/s?) 


Block B has a mass m and 1s released from rest when it is on top of wedge A, which has a mass 
3m. Determine the tension in cord CD while B 1s sliding down A. Neglect friction. 


Coefficients of friction between the flat bed of the truck and crate areu, = 0.8andu, = 0.7. The 
coefficient of kinetic friction between the truck tires and the road surface 1s 0.9. If the truck 
stops from an initial speed of 15 m/s with maximum braking (wheels skidding). Determine 
where on the bed the crate finally comes to rest. (Take g = 10 m/s”) 


The 10 kg block is moving to the left with a speed of 1.2 m/s at time t = 0. A force Fis applied as 
shown in the graph. After 0.2 s, the force continues at the 10 N level. If the coefficient of kinetic 
friction is u, = 0.2. Determine the time ¢ at which the block comes to a stop. (g = 10 m/ s?) 


F (N) 
20 
Vo 21.2 m/s 
10 4—— 
E Sl 10kg | 
0 


: t 
0 0.2 e) 
The 10 kg block is resting on the horizontal surface when the force Fis applied to it for 7 s. The 
variation of F with time is shown. Calculate the maximum velocity reached by the block and the 
total time ¢ during which the block is in motion. The coefficients of static and kinetic friction are 
both 0.50. (g = 9.8 m/s?) 
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15. 


16. 


17. 


18. 


19. 


20. 


If block A of the pulley system is moving downward with a speed of 1 m/s while block C 1s 
moving up at 0.5 m/s, determine the speed of block B. 


The collar A is free to slide along the smooth shaft B mounted in the frame. The plane of the 
frame 1s vertical. Determine the horizontal acceleration a of the frame necessary to maintain 
the collar in a fixed position on the shaft. (g = 9.8 m/s?) 


Ae =$ 
NS 
30? 
— — ———— 


In the adjoining figure all surfaces are frictionless. What force F must by applied to M; to keep 


M, free from rising or falling? - 
2 


The conveyor belt is designed to transport packages of various weights. Each 10 kg package has 
a coefficient of kinetic friction u , = 0.15. If the speed of the conveyor belt is 5 m/s, and then it 
suddenly stops, determine the distance the package will slide before coming to rest. 

(g = 9.8 m/s?) 


EL 
In figure, a crate slides down an inclined right-angled trough. The coefficient of kinetic friction 


between the crate and the trough isu,. What is the acceleration of the crate in terms ofu,,0 and 
g? 


A heavy chain with a mass per unit length pis pulled by the constant force F along a horizontal 
surface consisting of a smooth section and a rough section. The chain is initially at rest on the 
rough surface with x = 0. If the coefficient of kinetic friction between the chain and the rough 


21. 


22. 


23. 


24. 
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surface is u ,, determine the velocity v of the chain when x = L. The force Fis greater than u ;pgL 
in order to initiate the motion. 


Rough x=0 Smooth 


A package is at rest on a conveyor belt which is initially at rest. The belt is started and moves to 
the right for 1.3 s with a constant acceleration of 2 m/s?. The belt then moves with a constant 
deceleration a4 and comes to a stop after a total displacement of 2.2 m. Knowing that the 
coefficients of friction between the package and the belt are us = 0.35 and wx = 0.25, determine 
(a) the deceleration ay of the belt, (b) the displacement of the package relative to the belt as the 
belt comes to a stop. (g — 9.8 m/s?) 


2(9)-9)-9)-9)-9)-9)-6 


Determine the normal force the 10 kg crate A exerts on the smooth cart B, if the cart is given an 
acceleration of a = 2 m/s? down the plane. Also, find the acceleration of the crate. Set 0 = 30°. 


(g - 10 m/s?) 


A small block of mass m is projected on a larger block of mass 10 m and length / with a velocity v 
as shown in the figure. The coefficient of friction between the two blocks is y, while that 
between the lower block and the ground is u,. Given thatu » 11p,. 


(a) Find the minimum value of v, such that the mass 7n falls off the block of mass 10 m. 
(b) If v has this minimum value, find the time taken by block m to do so. 


A particle of mass m and velocity v, in positive y direction is projected on to a belt that is moving 
with uniform velocity v, in x-direction as shown in figure. Coefficient of friction between 
particle and belt is u. Assuming that the particle first touches the belt at the origin of fixed 
X-y coordinate system and remains on the belt, find the co-ordinates (x, y) of the point where 
sliding stops. 

Y 


Belt — 
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25. In the shown arrangement, both pulleys and the string are massless and all the surfaces are 
frictionless. Find the acceleration of the wedge. 


26. Neglect friction. Find accelerations of m, 2m and 3m as shown in the figure. The wedge is fixed. 


D 
| 
3m Eg 2m 


27. The figure shows an L shaped body of mass M placed on smooth horizontal surface. The block A 
is connected to the body by means of an inextensible string, which is passing over a smooth 
pulley of negligible mass. Another block B of mass m 1s placed against a vertical wall of the 
body. Find the minimum value of the mass of block A so that block B remains stationary 
relative to the wall. Coefficient of friction between the block B and the vertical wall is u. 

m 
IL. 


mya 


Answers 


Introductory Exercise 8.1 


1. See the hints 2. See the hints 3. See the hints 
4. See the hints 5. See the hints 6. See the hints 
7. Fiy = 243 N, Fox 2 - 2 N, Fx = O, Fax = 4 N, Fy = 2N, Foy = 2V3 N, E, =—6N, Fa, = 0 
1000 500 
8. 30N 9. N, = N, Ng = N 
NE) S X48 
2 
10. <w 11. (a) 26.8 N (b) 26.8 N (c) 100 N 
J3 
Introductory Exercise 8.2 
1. (a) 10 ms? (b) 110N (c)20N 2.4 3. N ms"? 4. 3kg 
5. zero 6. <8 7.4 ms?, 24 N, 42 N, 14 N 
8. (a) 3 ms? (b) 18 N, 12 N, 30 N, (c) 70N 9. (a) 10 N, 30N (b) 24N 


Introductory Exercise 8.3 
1. 2a4+ a+a=0 2. 3 m/s downwards 3. (a) £8 (b) M N 4. (a) A i ve 


5. 4.8kg git E ms? 


7.1 ms"? (upwards 8. 8 (up the plane 
35 (up ) 3€ p the plane) 


Introductory Exercise 8.4 
1. (a) (4 i) N (b) CADN 2. True 3. False 


Introductory Exercise 8.5 


-2 mg mg mg (43-1 43-1 
1. (a) zero, 20N (b)6ms*,8N 2. ey 0,0 Org (c) 2 I d Je 


Exercises 
LEVEL 1 


Assertion and Reason 


1. (d)  2.(a 3. (@) 4.(b) 5.(d) 6. (a) 7.(b 8 (d)  9.(d) 10. 


11. (d) 


Single Correct Option 

1. (b 2 (b 3. (à 4 (d 5. ()  6(d 7. (b 8 (b 9 (c) 10. 
11. (a) 12. (a) 13. (a) 14. (b 15. (a 16. (a 17. (a 18. (b 19. (b 20. 
21. (a) 22. (d) 28. (c) 24. (d) 25. (d) 26. (a) 27. (e) 28. (d) 29. (b) 80. 


358 e Mechanics - I 


Subjective Questions 


1. 
3. 


5. 
8. 
10. 


13. 


15. 
16. 


17. 


18. 


19. 


21. 
23. 
25. 


26. 


27. 


29. 


30. 
31. 


32. 


F-1016N,R-2.4N 


2. 45.26 N, 22.63 N 


R-F,-W-30/2N 4. 5N, 543N 

40 40 mg 8 
(a) —N (b) —N 6. 9,2 7. AN, 6N 

43 43 V2 2 
(a) 20 N (b) 50 N 9. (a) 2.7 ms? (b) 136.5 N (c) 112.5 N 
0.288 11. 30°, 10N 12. tan? (5) 547 N 

43 
4 S 14. (g + a) sin, down the plane 
6.83 kg 
(a) x = xo + 10t - 2.5 t? v, 2 10 - 5t (b)t-4s 
(a) x = xg - 2.5 t°, Z = Zo + 10t, v, = - 5t, v, = 10 ms 
(b) x = Xo, Z = Zo + 10t, v, = 0, v; = 10 ms! 
For t < 1.25s: 
X 2 Xo + 10t - 4t? 
v, =10- 8t 

After 1.25 s : Block remains stationary 
x mg 20. (a) 34 N (up) (b) 40 N (up) (c) 88 N (up) 
F -100N 22.5 cm 
(a) move up (b) constant (c) constant (d) stop 24. a, - — 3a, 
aa + 28g + a; = O 
(a) a= d ms, ao = aT ms ? (downwards) a= d ms"? (downwards) (b) h= = = N 


5 g (downwards), £ (upwards) 
(a) ls (b)6ms™! (c) 4m, 7m (both towards right) 
4 ms? (downwards), 12 N (upwards) 


a=Ofort<8s,a=t-8 fort28s 
a (m/s?) 


a= Ofor t € 9s, am ($t- 4]tortzos 


a (m/s?) 


t(s) 


28.(3)2s (b) 6m 
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LEVEL 2 
Single Correct Option 


1. (c) 2.(b) 3.(b) 4 (d) 5. (c) 6. (a) 7.(b) | 8 (c) 9. (b) 10. (d) 


11. (a)  12.(c)  13.(b)  14.(b)  15.(c)  16.(c)  17.(b)  18.(d)  19.(b) 20. (c) 
21. (d)  22.(c)  23.(a)  24.(c)  25.(a)  26.(b)  27.(c)  28.(b)  29.(b) 30. (d) 
31. (D 32. (d)  383.(b)  834.(c)  85.(b)  36.(d)  37.(b)  38.(d)  89.(d) 40. (d) 
41. (d)  42.(a)  48.(b) 44. (b) 45. (c)  46.(c)  47.(a) 


More than One Correct Options 


1. (a,c,d) 2. (a,c) 3. (a,d) 4. (c,d) 5. (a,d) 6. (a,c) 7. (a,b, c) 
8. (a,c) 9. (b,c) 10.(b,c,d) 11. (all) 12. (b, c) 13. (all) 


Comprehension Based Questions 


1.  2.(a) 3. (d) 4. (©) 5. (d) 6. (c) 7. (c) 8. (a) 9. (a) 


Match the Columns 


on ooPpPpwNnNrhr 


(à 2(0 (Do(D ©) (d)> (s) 
@ => (s) (b)—> (s) (c)> (p) (02(p 
@ > (qr) (b)> (q) (c)—> (s) (d)> (p, s) 
(@) => (s) (b> (p) (c)> (s) (d)> (s) 
(a) > (p) (b) = (s) (c)>(a) (d)> (p) 
(a) => (q) (b) > (BN) (c) > (a) > (p,r) 
(a) > (q, (5) 2 (ps) (02 (ps) (322 (q,s) 
(à (0 (bo(0 © 9) (02(9 


Subjective Questions 


1. 


5. 


2 -2 


10 ms 2. 33 ms 3. (a) 54 N (due east) (b) 60 N (due west) 4. (a) 6.36 ms? (b) 5.5 ms? 


mg cosa sina mg cosa F u(M+ ma . d F | u(M * mg 


m m m 


6. (a) Clockwise OE 7. 


M ’ 
m sina + — msing + —— 
sina sina 


8. ay = E g. (upwards) a, = 5ay 9. u= (=) tana 


10. 


13. 


19. 


23. 


25. 


25m+ M 
(a) aq = æ = 0.857 m/s? (b) ag = 21 m/s’, ag=16 m/s? 11. sin20 12. 277m 


t-033s 14. 5.2m/s,5.55s 15. zero 16. 5.66 m/s? 17. ma (Mı + Ms + M3)g 18.8.5 m 
2 


g(sinü - J2u,cose) 20. Z -ngl 21. (a) 6.63 m/s? (b)0.33m 22. 90N, 1 ms? 


(a) v =e RES 24. x = v 4X * A M JE + v3 
11g s -u) 2ug 2ug 


2 13 4 397 3 
MBE 6.a,, = Sg Fam = Ei 33m = g 27. My = 
(m + m) (m * M)+ mum, 34 34 17 
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9.1 Introduction to Work 


In our daily life ‘work’ has many different meanings. For example, Ram is working in a factory. The 
machine is in working order. Let us work out a plan for the next year, etc. In physics however, the 
term ‘work’ has a special meaning. In physics, work is always associated with a force and a 
displacement. We note that for work to be done, the force must act through a distance. Consider a 
person holding a weight at a distance ‘h’ off the floor as shown in figure. 


No work is done by the man holding the weight at a fixed position. The 
same task could be accomplished by tying the rope to a fixed point. 


Fig. 9.1 


In everyday usage, we might say that the man is doing a work, but in our scientific definition, no work 
is done by a force acting on a stationary object. We could eliminate the effort of holding the weight by 
merely tying the string to some object and the weight could be supported with no help from us. 


Let us now see what does ‘work’ mean in the language of physics. 


9.2 Work Done 


There are mainly three methods of finding work done by a force: 
(i) Work done by a constant force. 
(ii) Work done by a variable force. 

(iii) Work done by the area under force and displacement graph. 


Work done by a Constant Force 


Work done by a constant force is given by 
W=F-S (F = force, S = displacement) 
= FS cos0 
— (magnitude of force) (component of displacement in the direction of force) 
— (magnitude of displacement) (component of force in the direction of displacement) 
Here, 0 is the angle between F and S. 


Thus, work done is the dot product of F and S. 


Special Cases 
(i) If0—0*, W — FS cos0? 2 FS 
(ii) If0 =90°, W = FS cos 90° =0 
(iii) If =180°, W = FS cos180° =— FS 
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€» Extra Points to Remember 


e Work done by a force may be positive, negative or even zero also, depending on the angle (8) between the 
force vector F and displacement vector S. Work done by a force is zero when 0 = 90°, it is positive when 
0? < 0 < 90? and negative when 90?« 0 x 180°. For example, when a person lifts a body, the work done by 
the lifting force is positive (as 0 = 0°) but work done by the force of gravity is negative (as 0 = 180°). 


e Work depends on frame of reference. With change of frame of reference, inertial force does not change 
while displacement may change. So, the work done by a force will be different in different frames. For 
example, if a person is pushing a box inside a moving train, then work done as seen from the frame of 
reference of train is F- S while as seen from the ground it is F- (S+ S). Here So, is the displacement of 
train relative to ground. 


e Suppose a body is displaced from point A to point B, then 
S= -r, =(Xp - X4)I + (Vg — YA) V+ (Za - ZA)K 


Here, (X4, Ya, Z4) and (Xs, yg, zg) are the co-ordinates of points A and B. 


© Example 9.1 A body is displaced from A =(2 m, 4 m,—-6 m) to 
rp =(6i — 4j - 2k) m under a constant force F 2 (2i + 3j — k) N. Find the work 
done. 


Solution r, - (2i 4j- 6k)m 
S-rg-r, 
= (6i — 4j - 2k) - (21 + 4j — 6k) 
= 4i - 8j+ 8k 
W-F.S-Qi -3j- k)- (4i - 8j 4 8k) 28-24-8--24J Ans. 
Note Work done is negative. Therefore angle between F and S is obtuse. 
© Example 9.2 A block of mass m = 2 kg is pulled by a force F = 40 N upwards 
through a height h =2 m. Find the work done on the block by the applied force 


F and its weight mg. (g = 10 m/s?) 
F 


Ej 
Fig. 9.2 
Solution Weight mg = (2) (10)2 20N 
Work done by the applied force Wp = Fh cos 0° 
As the angle between force and displacement is 0? 
Or Wp = (40) (2) (1) = 80J Ans. 
Similarly, work done by its weight 
W ng = (mg) (h)cos 180° 
or W ng = (20) (2)(-1I)=-40J Ans. 
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© Example 9.3 Two unequal masses of 1 kg and 2 kg are attached at 
the two ends of a light inextensible string passing over a smooth pulley 
as shown in Fig. 9.3. If the system is released from rest, find the work 
done by string on both the blocks in 1 s. 
(Take g 210 m/s? ). 1kg | 


Solution Net pulling force on the system is 


2kg 
Fret = 2g — lg =20-10=10N 
Total mass being pulled m= (1+ 2)=3kg Fig. 9.3 
Therefore, acceleration of the system will be 
= F iet = 10 m/s 
m 3 
Displacement of both the blocks in 1 s is 
s- 3a? 3 (Jav m — 
2 2&3 3 653 
Free body diagram of 2 kg block is shown in Fig. 9.4 (b). | 
Using £F = ma, we get af ikg T 
2-r=21=2($) o T220- 202 0 le | 
3 3 3 1g 2kg 2kg | 
-. Work done by string (tension) on 1 kg block in 1 s is 
W, =(T)(S )cos 0° 2g 20N 
(a) (b) 
40) (5 200 
= | | (D- J Ans. Fig. 9.4 
3/43 9 


Similarly, work done by string on 2 kg block in 1 s will be 
W, = (T)(S) (cos 180? ) 


£ (29 G iy 200; "m^ 
3.7 V3 9 


Work Done by a Variable Force 


So far we have considered the work done by a force which is constant both in magnitude and 
direction. Let us now consider a force which acts always in one direction but whose magnitude may 
keep on varying. We can choose the direction of the force as x-axis. Further, let us assume that the 
magnitude of the force is also a function of x or say F (x) is known to us. Now, we are interested in 
finding the work done by this force in moving a body from x, to x3. 


Work done in a small displacement from x to x + dx will be 
dW =F.dx 


Now, the total work can be obtained by integration of the above elemental work from x, to x; or 


W= f aw= [re 
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Note In this method of finding work done, you need not to worry for the sign of work done. If we put proper limits 
in integration then sign of work done automatically comes. 


H . x B 
It is important to note that Í ’F dx is also the area under F-x graph between x = x, tox =x. 
X] 


F, F 


W= Area 


X 


xr ------- 
Lj a 


Fig. 9.5 


Spring Force 
An important example of the above idea is a spring that 
obeys Hooke’s law. Consider the situation shown in 
figure. One end of a spring is attached to a fixed vertical 
support and the other end to a block which can move on a 
horizontal table. Let x = 0 denote the position of the block 
when the spring is in its natural length. When the block is — 
displaced by an amount x (either compressed or elongated) 
a restoring force (F) is applied by the spring on the block. 


The direction of this force F is always towards its mean L—x—»e| 

position (x =0) and the magnitude is directly proportional 

to x or Fig. 9.6 
Fax (Hooke’s law) 
F=-kx 


Here, k is a constant called force constant of spring and 
depends on the nature of spring. From Eq. (1) we see that 
F is a variable force and F-x graph is a straight line 
passing through origin with slope =— k. Negative sign in 
Eq. (1) implies that the spring force F is directed in a 
direction opposite to the displacement x of the block. 


Let us now find the work done by this force F when the 


block is displaced from x 20 to x=x. This can be Fig. 9.7 
obtained either by integration or the area under F-x 
graph. 
x x cub 2 
Thus, W-|aw-[|'Fk-| -ed--& 


Here, work done is negative because force is in opposite direction of displacement. 
Similarly, if the block moves from x =x, to x 2 x5. The limits of integration are x, and x, and the 


work done is 


W- [^ kx dxe5 k (xf —x3) 
x] 
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© Example 9.4 A force F =(2 + x) acts on a particle in x-direction where F is in 
newton and x in metre. Find the work done by this force during a displacement 
from x 21.0 m to x = 2.0 m. 
Solution As the force is variable, we shall find the work done in a small displacement from 
x to x + dx and then integrate it to find the total work. The work done in this small displacement 
is 
dW =F dx=(2+x)dx 


2.0 2.0 
Thus, W=| oaw-[ (2+x)ax 
2 2.0 
X 
-|2x-—| =3.5J Ans. 
2 1.0 


© Example 9.5 A force F=- = (x #0) acts on a particle in x-direction. Find the 
x 


work done by this force in displacing the particle from. x =+ a to x =+2a. Here, 
k is a positive constant. 


2a 
: 2a (—k ky" 
Solution r-[ra-[7( Je =| | 
+a x? P 
+a 
k 
= — — Ans. 
2a 
Note Itis important to note that work comes out to be negative which is quite obvious as the force acting on the 


particle is in negative x-direction (F =- 5) while displacement is along positive x-direction. (from x = a to 
x 


x =2a) 


Work Done by Area Under F-S or F -x Graph 


This method is normally used when force and displacement are either parallel or antiparallel (or one 
dimensional). As we have discussed above 


w=| Fdx = area under F-x graph 


So, work done by a force can be obtained from the area under F-x graph. Unlike the integration 
method of finding work done in which sign of work done automatically comes after integration, in 
this method area of the graph will only give us the magnitude of work done. If force and displacement 
have same sign, work done will be positive and if both have opposite signs, work done is negative. 
Let us take an example. 
F(N) 
© Example 9.6 A force F acting on a particle 10} -------- 

varies with the position x as shown in figure. 

Find the work done by this force in displacing the 

particle from 

(a) x2—-2mtox-0 — » — w&--- 

(b) x 20tox-2m. Fig. 9.8 


EE - x(m) 


Iob 
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Solution (a) From x 2 2m to x= 0, displacement of the particle is along positive x-direction 
while force acting on the particle is along negative x-direction. Therefore, work done is negative 
and given by the area under F-x graph with projection along x-axis. 


W =~ = (2)(10)=— 103 Ans. 


(b) From x = 0 to x = 2 m, displacement of particle and force acting on the particle both are along 
positive x-direction. Therefore, work done is positive and given by the area under F -x graph, 


or W == (2)(10)= 107 Ans. 


INTRODUCTORY EXERCISE 


1. 


A block is displaced from (1m, 4m, 6m) to i + 3j ~ 4k) m under a constant force 
F- (6i —2j+K)N. Find the work done by this force. 


2. Ablock of mass 2.5 kg is pushed 2.20 m along a frictionless horizontal table by a constant force 


16 N directed 45° above the horizontal. Determine the work done by 
(a) the applied force, 

(b) the normal force exerted by the table, 

(c) the force of gravity and 

(d) determine the total work done on the block 


3. A block is pulled a distance x along a rough horizontal table by a horizontal string. If the tension 


in the string is T, the weight of the block is w, the normal reaction is N and frictional force is F. 
Write down expressions for the work done by each of these forces. 


4. A bucket tied to a string is lowered at a constant acceleration of g/4. If mass of the bucket is m 


and it is lowered by a distance / then find the work done by the string on the bucket. 


5. A 1.8kg block is moved at constant speed over a surface for which coefficient of friction y = ; It 


is pulled by a force F acting at 45° with horizontal as shown in Fig. 9.9. The block is displaced by 
2 m. Find the work done on the block by (a) the force F (b) friction (c) gravity. 


Fig. 9.9 


6. A block is constrained to move along x-axis under a force F = —2x. Here, Fis in newton and x in 


metre. Find the work done by this force when the block is displaced from x 22 m to x 2 —4 m. 


7. A block is constrained to move along x-axis under a force F = a (x +0). Here, F is in newton 
x 


and x in metre. Find the work done by this force when the block is displaced from x 24 m to 
x -2m. 
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8. Force acting on a particle varies with displacement as shown in Fig. 9.10. Find the work done by 
this force on the particle from x 2 —4 m to x =+4m. 


F(N) 


Fig. 9.10 


9. A particle is subjected to a force F, that varies with position 
as shown in figure. Find the work done by the force on the 
body as it moves 
(a) from x 210.0m to x 25.0m, 

(b) from x 25.0 m to x 210.0 m, 
(c) from x 210.0m to x 215.0m, 
(d) whatis the total work done by the force over the distance 


x (m) 


2 4 6 8 1012 14 16 
x =Oto x =15.0m? Fig. 9.11 


10. A child applies a force F parallel to the x-axis to a block moving on a horizontal surface. As the 
child controls the speed of the block, the x-component of the force varies with the x-coordinate 
of the block as shown in figure. Calculate the work done by the forceF when the block moves 


Fx (N) 


Fig. 9.12 
(a) from x =0 to x 23.0m (b) from x 23.0 m to x =4.0m 
(c) from x 24.0m to x =7.0m (d) from x =O to x =7.0m 


9.3 Conservative and Non-Conservative Forces 


In the above article, we considered the forces which were although variable but always directed in 
one direction. However, the most general expression for work done is 


dW — F- dr 
and W-["aw-[" r.a 
Here, dr = dá + dyj 4 dzk 


r;= initial position vector and r,— final position vector 


Conservative and non-conservative forces can be better understood after going through the following 
two examples. 
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© Example 9.7 An object is displaced from point A(2 m,3 m,4 m) to a point 
B(1m,2 m,3 m) under a constant force F =(2i + 3j + Ak) N. Find the work done 
by this force in this process. 


: rf (im, 2m, 3m | ^ ^ ^ 4 ^ ^ 
Solution w= F-dr =| (2i + 3+ 4R) (dd + dy) + dzk) 
rj (2m, 3m, 4m) 
- (1m, 2m, 3m) CENE 
[2x - 3y * Az] Bm 3m An) 9J Ans. 


Alternate Solution 


Since, F = constant, we can also use. 


W=F-S 
Here, S=r,—4,= (i+ 2j+ 3k)— Qi - 3j + 4k) 
-ci-j-&) 
W - (2i + 3j+ 4K)- (Ci - j- K) 
=-2-3-4=-9]J Ans. 


© Example 9.8 An object is displaced from position vector r,- (2i + 3p m to 
r;— (4i + 6j) m under a force F -(3x?^i + 2yj) N. Find the work done by this 


force. 


Solution W= [^ F.dr = Ne (3x7i + 2yj)- (di + dyj + dzk ) 
Yr Yr 


= J. (3x? dx+ 2ydy)= [x + y 2 


=83J Ans. 


In the above two examples, we saw that while calculating the work done we did not mention the path 
along which the object was displaced. Only initial and final coordinates were required. It shows that 
in both the examples, the work done is path independent or work done will be same along all paths. 
The forces in which work is path independent are known as conservative forces. 


Thus, if a particle or an object is displaced from position A to 1 
position B through three different paths under a conservative force 
field. Then, 

mn Hs = Ws 
Further, it can be shown that work done in a closed path is zero A 3 
under a conservative force field. | (JW, ——Wg, or 
Wig + Wg4 =0). Gravitational force, Coulomb's force and spring 
force are few examples of conservative forces. On the other hand, if the work is path dependent or 
W, +W, +W}, the force is called a non-conservative. Frictional forces, viscous forces are 


Fig. 9.13 


non-conservative in nature. Work done in a closed path is not zero in a non-conservative force field. 


Note The word potential energy is defined only for conservative forces like gravitational force, electrostatic force 
and spring force etc. 
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We can differentiate the conservative and non-conservative forces in a better way by making a table 
as given below. 


S.No Conservative Forces Non-conservative Forces 

1. Work done is path independent Work done is path dependent 

2. Work done in a closed path is zero Work done in a closed path is not zero 

3. The word potential energy is defined for The word potential energy is not defined for 
conservative forces non-conservative forces. 

4. Examples are: Examples are: 
gravitational force, electrostatic force, spring frictional force, viscous force etc. 
force etc. 


€» Extra Points to Remember 


e Gravitational force is a conservative force. Its work done is path independent. For small heights it only 
depends on the height difference ‘h’ between two points. Work done by gravitational force is (+ mgh), in 
moving the mass ‘m’ from one point to another point. This is (+ mgh)if the mass is moving downwards (as 
the force mg and displacement both are downwards, in the same direction) and (- mgh) if the mass is 
moving upwards. 


S B 
h Wap = —mgh 
Wea = +mgh 


Fig. 9.14 
e The magnetic field (and therefore the magnetic force) is neither conservative nor non-conservative. 


e Electric field (and therefore electric force) is produced either by static charge or by time varying magnetic 
field. First is conservative and the other non-conservative. 


9.4 Kinetic Energy 


Kinetic energy (KE) is the capacity of a body to do work by virtue of its motion. If a body of mass m 
has a velocity v, its kinetic energy is equivalent to the work which an external force would have to do 
to bring the body from rest upto its velocity v. The numerical value of the kinetic energy can be 
calculated from the formula. 


1 
KE =- mv? 
2 


This can be derived as follows: 


Consider a constant force F which acting on a mass m initially at rest. This force provides the mass m 
a velocity v. 
Ifin reaching this velocity, the particle has been moving with an acceleration a and has been given a 


displacement s, then 
F=ma (Newton’s law) 


v? =2as 


Work done by the constant force = Fs 


2 
or W = (ma) "EL 
2a} 2 
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But the kinetic energy of the body is equivalent to the work done in giving the body this velocity. 


1 
Hence, KE= 2 mv? 


Regarding the kinetic energy the following two points are important to note: 
1. Since, both m and v? are always positive. KE is always positive and does not depend on the 
direction of motion of the body. 
2. Kinetic energy depends on the frame of reference. For example, the kinetic energy of a person of 
mass m sitting in a train moving with speed v is zero in the frame of train but 5 my? in the frame 


of earth. 


9.5 Work Energy Theorem 


This theorem is a very important tool that relates the works to kinetic energy. According to this 
theorem: 


Work done by all the forces (conservative or non-conservative, external or internal) acting on a 


particle or an object is equal to the change in kinetic energy of it. 
W,, =AKE=K, —K; 


net 


Let, F,, F,...be the individual forces acting on a particle. The resultant force is F = F| + F, +...and the 
work done by the resultant force is 


W=|F-dr=| (F, +F, +...)-dr 
=|F,-dr+[F, -dr+... 


where, | F; - dr is the work done on the particle by F, and so on. Thus, work energy theorem can also 


be written as: work done by the resultant force which is also equal to the sum of the work done by the 
individual forces is equal to change in kinetic energy. 


Regarding the work-energy theorem it is worthnoting that : 


(i) If Waet is positive then K , — K; = positive, 
i.e. K; >K, or kinetic energy will increase and if We is negative then kinetic energy will 


decrease. 

(ii) This theorem can be applied to non-inertial frames also. In a non-inertial frame it can be written as 
work done by all the forces (including the pseudo forces) = change in kinetic energy in non-inertial 
frame. Let us take an example. 
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Refer Figure (a) 


A block of mass m is kept on a rough plank moving with an acceleration a. There is no relative motion 
between block and plank. Hence, force of friction on block is f = ma in forward direction. 


Refer Figure (b) 
Horizontal force on the block has been shown from ground (inertial) frame of reference. 


Ifthe plank moves a distance s on the ground, the block will also move the same distance s (as there is 
no slipping between the two). Hence, work done by friction on the block (w.r.t. ground) is 

We = fs=mas 
From work-energy principle if v is the speed of block (w.r.t. ground), then 


1 
KE-W, or ;"" =mas or v-wx2as 
Thus, velocity of block relative to ground is ¥2as. 


Refer Figure (c) 
Free body diagram of the block has been shown from accelerating frame (plank). 
Here, f, = pseudo force = ma 
Work done by all the forces, 
W=W, +W, =mas—mas=0 
From work-energy theorem, 


1 
m =W=0 or v, =0 


Thus, velocity of block relative to plank is zero. 


Note Work-energy theorem is very useful in finding the work-done by a force whose exact nature is not known to 
us or to find the work done of a variable force whose exact variation is not known to us. 


© Example 9.9 An object of mass 5 kg falls from rest through a vertical distance 
of 20 m and attains a velocity of 10 m/s. How much work is done by the 
resistance of the air on the object ? 
(g =10 m/s?) 
Solution Applying work-energy theorem, 
work done by all the forces = change in kinetic energy 


Or LE B my? 
2 
W., s W, — mgh 
alr 2 mg 2 g 
z : x 5x (10)? — (5)x (10) x (20) 


-—750J Ans. 
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© Example 9.10 An object of mass m is tied to a string of 
length l and a variable force F is applied on it which brings 
the string gradually at angle 9 with the vertical. Find the 
work done by the force F. 
Solution In this case, three forces are acting on the object: ` 
1. tension (T) Fig. 9.16 
2. weight (mg )and 
3. applied force (F ) 
Using work-energy theorem 


| h= 1 (1 — cos0) 


or WW +tWr =O wü) 
as AKE=0 

because K;=K;=0 

Further, Wp = 0, as tension is always perpendicular to displacement. 


W, 


mg = 
or W mg = 

Substituting these values in Eq. (i), we get 
Wy, = mgl (1— cos 0) Ans. 


—mgh 
— mgl (1— cos 0) 


Note Here, the applied force F is variable. So, if we do not apply the work energy theorem we will first find the 
magnitude of F at different locations and then integrate dW (=F -dr) with proper limits. 


6 Example 9.11 A body of mass m was slowly hauled up the 
hill as shown in the Fig. 9.18 by a force F which at each | 
point was directed along a tangent to the trajectory. Find mE h 
the work performed by this force, if the height of the hill is | 
h, the length of its base is l and the coefficient of friction is 
u. | ————1 


Solution Four forces are acting on the body: Fig. 9.18 


1. weight (mg ) 

2. normal reaction (N ) 
3. friction ( f) and 

4. the applied force (F) 
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Using work-energy theorem 


Or 
Here, AKE = 0, because 


= AKE 


W net 
Wag Wy +Ws +Wr =0 
K; =0=K, 
W ng =- mgh 
Wy =0 


NI 


(as normal reaction is perpendicular to displacement at all points) 


Wy, can be calculated as under 


f-^ymgcos0 
(dW 45 ) , =- f ds 


=— (u mg cos 0)ds 


=~ mg (dl) 


f=-u mg Xd 2—-y mgl 


Substituting these values in Eq. (1), we get 


Wp; =mgh+umgl 


ds IN 
"a LEE 
Mee LIFE AL 
pA kad ——— 
Fig. 9.19 


(as ds cos 0 = dl) 


Ans. 


Here again, if we want to solve this problem without using work-energy theorem we will first find 
magnitude of applied force F at different locations and then integrate dW (=F - dr) with proper limits. 


© Example 9.12 The displacement x of a particle moving in one dimension, under 
the action of a constant force is related to time t by the equation 


t=Vx +3 


where, x is in metre and t in second. Calculate: (a) the displacement of the particle 
when its velocity is zero, (b) the work done by the force in the first 6 s. 


Solution As t = 4x + 
i.e. 
So, 

(a) v will be zero when 
Substituting this va 


(b) From Eq. (ii), 


and 


3 
x=(t-3) 
v= (dx/ dt)=2(t — 3) 
Xt-3)=0 ie. 
lue of t in Eq. (i), 


[3 


x-2(3-3)-20 


i.e. when velocity is zero, displacement is also zero. 


(v), 20 -2(0— 3)2— 6 m/s 
(v), 26 = 2(6-3)=6 m/s 


So, from work-energy theorem 


w-AKE- mj "l= me (6) ]=0 


i.e. work done by the force in the first 6 s is zero. 


Ò 
...(ii) 


Ans. 


Ans. 


Chapter 9 Work, Energy and Power * 375 


INTRODUCTORY EXERCISE 


1. Aball of mass 100 gm is projected upwards with velocity 10 m/s. It returns back with 6 m/s. Find 
work done by air resistance. 


2. Velocity-time graph of a particle of mass 2 kg moving in a straight line is as shown in Fig. 9.20. 
Find the work done by all the forces acting on the particle. 


v (m/s) 


20 


2 t (s) 
Fig. 9.20 


3. Is work-energy theorem valid in a non-inertial frame? 

4. A particle of mass m moves on a straight line with its velocity varying with the distance travelled 
according to the equation v - ax, where a. is a constant. Find the total work done by all the 
forces during a displacement from x 20 to x =b. 


5. A5kg mass is raised a distance of 4 m by a vertical force of 80 N. Find the final kinetic energy of 
the mass if it was originally at rest. g = 10 m/s?. 


6. An object of mass m has a speed v, as it passes through the origin. It is subjected to a retarding 
force given by F, 2 — Ax. Here, A is a positive constant. Find its x-coordinate when it stops. 
7. A block of mass M is hanging over a smooth and light pulley through a light string. The other end 
of the string is pulled by a constant force F. The kinetic energy of the block increases by 40J in 
1s. State whether the following statements are true or false: 
(a) The tension in the string is Mg 
(b) The work done by the tension on the block is 40 J 
(c) The tension in the string is F 
(d) The work done by the force of gravity is 40J in the above 1s 
8. Displacement of a particle of mass 2 kg varies with time as s = (2t? — 2t + 10) m. Find total work 
done on the particle in a time interval from t 20 tot 22 s. 
9. Ablock of mass 30 kg is being brought down by a chain. If the block acquires a speed of 40 cm/s 
in dropping down 2 m. Find the work done by the chain during the process. 
(g - 10 m/s?) 


9.6 Potential Energy 


The energy possessed by a body or system by virtue of its position or configuration is known as the 
potential energy. For example, a block attached to a compressed or elongated spring possesses some 
energy called elastic potential energy. This block has a capacity to do work. Similarly, a stone when 
released from a certain height also has energy in the form of gravitational potential energy. Two 
charged particles kept at certain distance has electric potential energy. 
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Regarding the potential energy it is important to note that it is defined for a conservative force field 
only. For non-conservative forces it has no meaning. The change in potential energy (dU ) of a system 
corresponding to a conservative force is given by 


dU =P dre 
9 f av =- |" F-dr 


"n 
or AU =U; -U, =- |" F-dr 


We generally choose the reference point at infinity and assume potential energy to be zero there, i.e. if 
we take r, = œ (infinite) and U; =0 then we can write 


u--[ F-dr=-W 


or potential energy of a body or system is the negative of work done by the conservative forces in 
bringing it from infinity to the present position. 


Regarding the potential energy it is worth noting that: 


1. Potential energy can be defined only for conservative forces and it should be considered to be a 
property of the entire system rather than assigning it to any specific particle. 


2. Potential energy depends on frame of reference. 


3. If conservative force F and potential energy associated with this force U are functions of single 
variable r or x then : 


Now, let us discuss three types of potential energies which we usually come across. 


Elastic Potential Energy 
In Article 9.2, we have discussed the spring forces. We have seen there that the work done by the 
spring force (of course conservative for an ideal spring) is — i kx? when the spring is stretched or 
compressed by an amount x from its unstretched position. Thus, 


1 1 
U=-W=- e m?) or U =5 (k = spring constant) 


Note that elastic potential energy is always positive. 


Gravitational Potential Energy 
The gravitational potential energy of two particles of masses m, and m, separated by a distance r is 
given by 

mm) 


U=-G 


r 
11 N-m? 


Here, G = universal gravitation constant = 6.67 x 107 ko? 
g 
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If a body of mass m is raised to a height A from the surface of earth, the change in potential energy of 
the system (earth + body) comes out to be 


h 
AU = ms (R =radius of earth) 
(x) 
R 
or AU =mgh if h««R 


Thus, the potential energy of a body at height h, i.e. mgh is really the change in potential energy of the 
system for h << R. So, be careful while using U = mgh, that ^ should not be too large. This we will 
discuss in detail in the chapter of Gravitation. 


Electric Potential Energy 


The electric potential energy of two point charges q, and q, separated by a distance r in vacuum is 
given by 


_ 1 192 
4n£9 F 
N-m2 
Here, =9.0x10° m = constant 
ATE 9 C 


© Extra Points to Remember 
e Elastic potential energy is either zero or positive, but gravitational and electric potential energy may be 
Zero, positive or negative. 
e For increase or decrease in gravitational potential energy of a particle (for small heights) we write, 
AU = mgh 
Here, h is the change in height of particle. In case of a rigid body, h of centre of mass of the rigid body is seen. 


e Change in potential energy is equal to the negative of work done by the conservative force (AU = — AW). If 
work done by the conservative force is negative, change in potential energy will be positive or potential 
energy of the system will increase and vice-versa. 


Ground 
Fig. 9.21 
This can be understood by a simple example. Suppose a ball is taken from the ground to some height, 


work done by gravity is negative, i.e. change in potential energy should increase or potential energy of the 
ball will increase. 


AW ety) wel 
AU =+ ve (AU = — AW) 
or U =U = Ve 
e F=- 2 i.e. conservative forces always act in a direction where potential energy 
7 F 
of the system is decreased. This can also be shown as in Fig 9.22. 


If a ball is dropped from a certain height. The force on it (its weight) acts in a 
direction in which its potential energy decreases. Fig. 9.22 
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© Example 9.13 A chain of mass ‘m’ and length T is kept in three positions as 
shown below. Assuming h=0 on the ground find potential energy of the chain in 
all three cases. 


| d 
| 
e | 
I7 LLL mmm Ground 
) (c) 


(a) (b 
Fig. 9.23 
Solution For finding potential energy of chain we will have to see its centre of mass height ‘h’ 
from ground. 
In figure (a): h, =0 
In figure (b): A, =h 
h 


In figure (c): os - => Potential energy, U = mg 


=> Potential energy, U = 0 
=> Potential energy, U = mgh 


© Example 9.14 Potential energy of a body in position A is -40 J. Work done by 
conservative force in moving the body from A to B is -20J. Find potential 
energy of the body in position B. 
Solution Work done by a conservative force is given by 
W 4,3 =-AU=—- (Uz -U4 )=U4 -Ug 
> Ug =U, -W, ,g -(-40)- (-20) 2 -20J Ans. 


INTRODUCTORY EXERCISE 


1. If work done by a conservative force is positive then select the correct option(s). 
(a) potential energy will decrease 
(b) potential energy may increase or decrease 
(c) kinetic energy will increase 
(d) kinetic energy may increase or decrease. 
2. Work done by a conservative force in bringing a body from infinity to A is 60 J and to B is 20 J. 
What is the difference in potential energy between points A and B, i.e. Ug —U,. 


9.7 Three Types of Equilibrium 


A body is said to be in translatory equilibrium, if net force acting on the body is zero, i.e. 


Lm T 0 
If the forces are conservative F=- — 
r 
and for equilibrium F =0. 
dU dU 
So, -—=0, or = = 
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i.e. at equilibrium position slope of U-r graph is zero or the potential energy is optimum (maximum, 
cu TY : ed dU 
minimum or constant). Equilibrium are of three types, i.e. the situation where F =0 and jm =0 can 
r 
be obtained under three conditions. These are stable equilibrium, unstable equilibrium and neutral 
equilibrium. These three types of equilibrium can be better understood from the given three figures. 


— = 


(a) (b) (c) 
Fig. 9.24 


Three identical balls are placed in equilibrium in positions as shown in figures (a), (b) and (c) 
respectively. 

In Fig. (a), ball is placed inside a smooth spherical shell. This ball is in stable equilibrium position. In 
Fig. (b), the ball is placed over a smooth sphere. This is in unstable equilibrium position. In Fig. (c), 
the ball is placed on a smooth horizontal ground. This ball is in neutral equilibrium position. 

The table given below explains what is the difference and what are the similarities between these 
three equilibrium positions in the language of physics. 


Table 9.1 
. No. Stable Equilibrium Unstable Equilibrium Neutral Equilibrium 
Net force is zero. Net force is zero. Net force is zero. 
2 — = Oor slope of U-r graph is x = Oor slope of U-r graph is = = Oor slope of U-r graph is 
r r r 
zero. zero. zero. 

3. When displaced from its When displaced from its equilibrium When displaced from its 
equilibrium position a net restoring position, a net force starts acting on equilibrium position the body has 
force starts acting on the body the body which moves the body in neither the tendency to come 
which has a tendency to bring the — the direction of displacement or back nor to move away from the 
body back to its equilibrium away from the equilibrium position. original position. It is again in 
position. equilibrium. 

4. Potential energy in equilibrium Potential energy in equilibrium Potential energy remains constant 
position is minimum as compared position is maximum as even if the body is displaced from 
to its neighbouring points. compared to its neighbouring its equilibrium position. 

2 i 2 
or ES - positive points. "T Or S =0 
or or = negative or 
dr? 

5. When displaced from equilibrium When displaced from equilibrium When displaced from equilibrium 
position the centre of gravity of the position the centre of gravity of position the centre of gravity of 
body goes up. the body comes down. the body remains at the same 


level. 
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© Extra Points to Remember 
e |f we plot graphs between F andr or U andr, F will be zero at equilibrium while U will be maximum, minimum 
or constant depending on the type of equilibrium. This all is shown in Fig. 9.24 


F 


Fig. 9.25 
At point A, F = 0, d = 0, but U is constant. Hence, A is neutral equilibrium position. 
r 
At points B and D, F = 0, — = 0 but U is maximum. Thus, these are the points of unstable equilibrium. 
Ir 


At point C, F = 0, E = 0, but U is minimum. Hence, point C is in stable equilibrium position. 


Ir 


(a) (b) 
Fig. 9.26 
e Oscillations of a body take place about stable equilibrium position. For example, bob of a pendulum 
oscillates about its lowest point which is also the stable equilibrium position of the bob. Similarly, in 
Fig. 9.26 (b), the ball will oscillate about its stable equilibrium position. 


e |f a graph between F and r is as shown in figure, then F = 0, atr = n, r = ņ and r =r. Therefore, at these 
three points, body is in equilibrium. But these three positions are three different types of equilibriums. For 
example : 


F 


Fig. 9.27 
atr = n, body is in unstable equilibrium. This is because, if we displace the body slightly rightwards (positive 
direction), force acting on the body is also positive, i.e. away from r = 1, position. 
Atr = r,, body is in stable equilibrium. Because if we displace the body rightwards (positive direction) force 
acting on the body is negative (or leftwards) or the force acting is restoring in nature. 
At r = r4, equilibrium is neutral in nature. Because if we displace the body rightwards or leftwards force is 
again zero. 
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© Example 9.15 For the potential energy curve shown in figure. 


(a) Find directions of force at points A, B, C, D and E. 
(b) Find positions of stable, unstable and neutral equilibriums. 


Solution (a) F — a or a (slope of U -x graph ) 
dr dx 
Point Slope of U - x graph F = (Slope of U - x graph) 
A Positive Negative 
B Positive Negative 
C Negative Positive 
D Negative Positive 
E Zero Zero 


(b) At point x= 6m, potential energy is minimum. So. it is stable equilibrium position. 
At x —- 2m, potential energy is maximum. So, it is unstable equilibrium position. 


There is no point, where potential energy is constant. So, we don't have any point of 
unstable equilibrium position. 


© Example 9.16 The potential energy of a conservative force field is given by 
U -ax? — bx 


where, a and b are positive constants. Find the equilibrium position and discuss 
whether the equilibrium is stable, unstable or neutral. 


Solution In a conservative field F — -2 
x 
d, 9 
F= (ax^ — bx)= b — 2ax 
dx 
For equilibrium F = 0 
or b-2ax=0 .. gan 
2a 


d°U re ee 
From the given equation we can see that PT dm 2a (positive), i.e. U is minimum. 
dx 


Therefore, x = — is the stable equilibrium position. Ans. 
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INTRODUCTORY EXERCISE 


1. Potential energy of a particle moving along x-axis is given by 
3 
U= 2B -4x + e) 
3 


Here, U is in joule and x in metre. Find position of stable and unstable equilibrium. 


2. Force acting on a particle moving along x-axis is as shown in figure. Find points of stable and 
unstable equilibrium. 


Fig. 9.29 
3. Two point charges + q and + q are fixed at (a, 0, 0) and (a, 0, 0). A third point charge -q is at 
origin. State whether its equilibrium is stable, unstable or neutral if it is slightly displaced : 
(a) along x-axis. (b) along y-axis. 
4. Potential energy of a particle along x-axis, varies as, U = — 20 + (x — 2)*, where Uis in joule and 
x in meter. Find the equilibrium position and state whether it is stable or unstable equilibrium. 


5. Force acting on a particle constrained to move along x-axis is F =(x —4). Here, Fis in newton 


and x in metre. Find the equilibrium position and state whether it is stable or unstable 
equilibrium. 


9.8 Power of a Force 


Power of a force is the rate of work done by this force. Now, power may be of two types: 
(i) Instantaneous power (P, or P) (ii) Average power (P,,) 


Instantaneous Power 


The rate of doing work done by a force at a given instant is called instantaneous power of this force. 


Thus, 
W F-d 
ELLA = r (as dW=F.dr) 
dt dt 
dr 
v (as di v) 
= Fvcos0 
peut on. v= Fvcos0 
dt 


Here, 0 is the angle between F andv. Hence power of a force is the dot product of this force and 
instantaneous velocity. If angle between F and v is acute then dot product is positive (or cosO is 
positive). So, power is positive. If angle is 90°, then dot product, cos 0 and hence power are zero. If@ is 
obtuse, then dot product, cos0 and hence power are negative. 
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Average Power 


The ratio of total work done and total time is defined as the average power. 


W 
Thus: P- FA 


total 
© Example 9.17 A ball of mass 1 kg is dropped from a tower. Find power of 
gravitational force at time t=2.s. Take g 210 mls”. 
Solution At t 22s, velocity of the ball, 
v- gt 10x 22 20 m/s (downwards) 
Gravitational force on the ball, 
F=mg=1x10=10N (downwards) 


-~ Instantaneous power, PzF:v-Fvcos0 
= (10) (20)cos 0° NS. 
=200W Ans. Fig. 9.30 


© Example 9.18 A particle of mass m is lying on smooth horizontal table. A 
constant force F tangential to the surface is applied on it. Find 


(a) average power over a time interval from t = 0 tot =t, 
(b) instantaneous power as function of time t. 


Solution (a) a= Z = constant 
m 


veat=—t > P= 
m t t 
2 
= Ft Ans. 
2m 
2 
©) P, = Fveos = F= (P| 2) -£ : Ans. 
m m 
INTRODUCTORY EXERCISE 


1. A block of mass 1 kg starts moving with constant acceleration a - 4m/s?. Find 


(a) average power of the net force in a time interval fromt =O tot 22s, 
(b) instantaneous power of the net force att =4s. 


2. A constant power P is applied on a particle of mass m. Find kinetic energy, velocity and 
displacement of particle as function of time t. 


3. A time varying power P - 2t is applied on a particle of mass m. Find 


(a) kinetic energy and velocity of particle as function of time, 
(b) average power over a time interval fromt =0 tot =t. 
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9.9 Law of Conservation of Mechanical Energy 


Suppose, only conservative forces are acting on a system of particles and potential energy U is 
defined corresponding to these forces. There are either no other forces or the work done by them is 


zero. We have 


Us -U;=-W 
and W=K,—K; (from work energy theorem) 
or U,;+K,=U,+K; 


The sum of the potential energy and the kinetic energy is called the total mechanical energy. We see 
from Eq. (1), that the total mechanical energy of a system remains constant, if only conservative 
forces are acting on a system of particles and the work done by all other forces is zero. This is 


called the conservation of mechanical energy. 


The total mechanical energy is not constant, if non-conservative forces such as friction is also acting 


on the system. However, the work energy theorem, is still valid. Thus, we can apply 


Wet Wrc + Went =K ¢ —K; 
Here, W, =- (U; -U;) 
So, we get Wie + Wot =(K yp *U,)-(K, *U;) 
Or Wet Weg mE; E, TAE 


Here, E = K +U is the total mechanical energy. 


© Extra Points to Remember 
e Work done by conservative forces is equal to minus of change in potential energy 
W, =-AU=-—(U, -Uj)-U; -U; 
e Work done by all the forces is equal to change in kinetic energy. 
Wa, =AK -K;-K; 
e Work done by the forces other than the conservative forces (non-conservative + external forces) is equal 
to change in mechanical energy 


Who +W -AE-E,;—E; = (Ke Uj)- (K;- Uj) 
e lf there are no non-conservative forces, then 
Wag =AE=E, -E; 
Further, in this case if no information is given regarding the change in kinetic energy then we can take it zero. 
In that case, 


Wer = AU SIU, 


© Example 9.19 A body is displaced from position A to position B. Kinetic and 
potential energies of the body at positions A and B are 


Find work done by 
(a) conservative forces (b) all forces (c) forces other than conservative forces. 
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Solution (a) W,=-AU =- (U , -U,) 
=U, =U y =U, —-Ug 


-—30-20- -50J Ans. 
(b) Wau —-AK-K, -K; 
-Kg-K, 
-10-50- —40J Ans. 


(c) Work done by the forces other than conservative 
-AE-E,-E; 
—(K,*U,)-(K;U,) 
— (Kg *Ug )- (K 4 cU.) 
= (10+ 20)— (50—30)2 10J Ans. 


Note Work done by conservative force is negative (2 —50 J). Therefore potential energy should increase and we 
can see that, U; >U; as Ug>U, 


Final Touch Points 


1. Suppose a particle is released from point A with u = 0. 


u=0 


Friction is absent everywhere. Then velocity at B will be 
v =42gh (irrespective of the track it follows from A to B) 


Here, h=h, — hp 
2. In circular motion, centripetal force acts towards the centre. This force is perpendicular to small 
displacement dS and velocity v. Hence, work done by itis zero and power of this force is also zero. 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on conversation of mechanical energy. 


Concept 


If only conservative forces are acting on a system then its mechanical energy remains 
conserved. Otherwise, if all surfaces are given smooth, then also, mechanical energy will be 
conserved. 


How to Solve? 


If mechanical energy is conserved then it is possible that some part of the energy may be decreasing while 
the other part may be increasing. Now the energy conservation equation can be written in following two 
ways : 

First method Magnitude of decrease of energy = magnitude of increase of energy. 


T eu=0 
h 
= a. h=0 
v 
Second method E; =E; (i > initial and f — final) 


i.e. write down total initial mechanical energy on one side and total final mechanical energy on the other 
side. While writing gravitational potential energy we choose some reference point (where h = 0), but 
throughout the question this reference point should not change. Let us take a simple example. 

A ball of mass‘ m'is released from a height h as shown in figure. The velocity of particle at the instant when it 
strikes the ground can be found using energy conservation principle by following two methods. 
Method-1 Decrease in gravitational potential energy = increase in kinetic energy 


12 
mgh = inv 
or v — J2gh 
Method-2 
E; =E; 
Or K; + U; =K; +U; 
or 0+ mgh = zm +0 


=> v=2gh 
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© Example 1 In the figure shown, all surfaces are smooth and force constant of 
spring is 10 N/m. Block of mass 2 kg is not attached with the spring. The spring 
is compressed by 2m and then released. Find the maximum distance ‘d’ travelled 
by the block over the inclined plane. Take g 210 m/s’. 


2m 


Solution In the final position, block will stop for a moment and then it will return back. 
In the initial position system has only spring potential energy - kx? and in the final position it 


has only gravitational potential energy. 


v=0 


Final 
Position 


Initial 
Position 
Since, all surfaces are smooth, therefore mechanical energy will remain conserved. 
> E;=E; or L ka? =mgh =me( $) 
2 2 
; d 
where h=dsin 30° = 3 
2 
> d= E 
mg 
Substituting the values we have, 
4190 €* 
(2) (10) 
-2m Ans. 


© Example 2 A smooth narrow tube in the form of an arc 
AB of a circle of centre O and radius r is fixed so that A is 
vertically above O and OB is horizontal. Particles P of 
mass m and Q of mass 2 m with a light inextensible string 
of length (n r / 2) connecting them are placed inside the 
tube with P at A and Q at B and released from rest. 
Assuming the string remains taut during motion, find the 
speed of particles when P reaches B. 
Solution All surfaces are smooth. Therefore, mechanical energy of the system will remain 
conserved. 

Decrease in PE of both the blocks = increase in KE of both the blocks 


Tr _ 1 2 
(mgr) + (2mg) (=| 2 (m + 2m)v 


or v= E (1+ x)gr Ans. 


Q 
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© Example 3 One end of a light spring of natural length d 
and spring constant k is fixed on a rigid wall and the other 
is attached to a smooth ring of mass m which can slide 
without friction on a vertical rod fixed at a distance d from 
the wall. Initially the spring makes an angle of 37° with the 
horizontal as shown in figure. When the system is released 
from rest, find the speed of the ring when the spring becomes 
horizontal. (sin 37° = 3/5) 

Solution If lis the stretched length of the spring, then from figure 


E spei ie. TRUM 
l 5 


4 
So, the stretch gcc dt 
4 4 
and feats gm 
4 5 4 


Now, taking point B as reference level and applying law of conservation of mechanical energy 
between A and B, 


E,- Eg 
or mgh + = kê == mv” [At B, h =O and x=0] 
2 
or imd + = (2) SL my astor Ane amd jc 
4 2 4 2 4 4 
or v=d TEN Ans. 
2d 16m 


Type 2. Based on the position of equilibrium and momentary rest. 
K 
Concept 
In the figure shown, block attached with the spring is released from rest at A 
natural length of the spring at A. | 
At this position a constant force mg is acting on the block in downward direction. B 
So, block starts moving downwards and spring is stretched. So, a variable spring | 
force kx starts acting on the block in upward direction which keeps on increasing c 


with extension ‘x’. In position B, also called equilibrium position, kx 
kx = mg 5] 
Pie = 0 
mg 


But the block does not stop here. Rather, it has maximum velocity in this position. After 
crossing B the block retards, as kx> mgand net force is upwards. At point C (the maximum 
extension) block stops for a moment (v=0) and then it returns back. The block starts 
oscillating between A and C. 
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Thus, 
Direction of net Direction of 

From forandumg force velocity Spese 
AtoB mg > kx Downwards Downwards Increasing 

at B mg = kx Fa =O E Maximum 
BtoC kx> mg Upwards Downwards Decreasing 
CtoB kx > mg Upwards Upwards Increasing 
BtoA mg > kx Downwards Upwards Decreasing 

Note (i) Points A and C are the points of momentary rest, where v 20 but F,,. #0. So the maximum extension (at 


point C) can be obtained by energy conservation principle but not by putting F „e+ =0. 


(ii) Point B is the point of equilibrium where F,,., 20 and speed is maximum. This point can be obtained by 
putting F,,, 20 and after that, maximum speed can be obtained by energy conservation principle. 


Example 4 In the figure shown in the concept, find 
(a) Equilibrium extension xy(- AB) 

(b) Maximum extension x,,(= AC) 

(c) Maximum speed at point B. 


Solution (a) At point B, KXo 
Fret =0 
> kx =mg 
> Xp = mg mg Ans. 
K 
(b) From A to C (v4 = v; =0) 
Decreasing in gravitational potential energy = increasing in spring potential energy. 
1 
mgx, = > Kn (AC =x) 
2mg 
> = Ans. 
"n= K 


(c) From A to B 


Decreasing in gravitational potential energy = increasing in (spring potential energy 
+ kinetic energy) 


1 1 
=> mg xo => Kxy + > mv 


9 max 


Substituting the value of x, aa in the above equation, we get 
Umax = 2) g Ans. 


Example 5 Consider the situation shown in figure. Mass of block A is m and 
that of block B is 2 m. The force constant of spring is K. Friction is absent 
everywhere. System is released from rest with the spring unstretched. Find 

(a) the maximum extension of the spring x,, 
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X, 


(b) the speed of block A when the extension in the spring is x — a 
(c) net acceleration of block B when extension in the spring is x= e 
Te 
— | 
f 
£| 
Solution (a) At maximum extension in the spring 
UA = Ug =0 (momentarily) 


Therefore, applying conservation of mechanical energy: 


decreasing in gravitational potential energy of block B = increasing in elastic potential 
energy of spring. 


or mpg8x,-— i Kx, 
or 2mgx,- i Kx? 
Em E Ans. 


X, 2mg 
Atx=—4 =——= 
b) x 2 K 


Let UA = Up = U (say) 


Then, decrease in gravitational potential energy of block B = increase in elastic potential 
energy of spring + increase in kinetic energy of both the blocks. 


1 1 
mggx- Kx + = ma + mp)v" 


2 
or (2m) (g) É ne) "Ts (? ze) + ; (m + 2m? 


K 2 K 


v-2g "Fa Ans. 


(c) Aia -PE 
4 K 
T 
t 
Kx=mg <— MT 2m IE 
—-à 
2mg 
or Kx =mg 


me Net pulling force 2 mg — mg 
Total mass 3m 


(downwards) Ans. 


w |m 
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Type 3. Problems with friction 


Concept 


Mechanical energy does not remain constant if friction is there and work done by friction is 


not zero. So, initial mechanical energy is more than the final mechanical energy and the 
difference goes in the work done against friction. 


How to Solve? 


* The problem can be solved by the following simple equation: 
initial mechanical energy — final mechanical energy if work done against friction. 


Here, work done against friction is equal to (u mg d )if the block is moving on horizontal ground and this is 
equal to (ud mg cos 9)if the block is moving on an inclined plane. In these expressions 'd' is the distance 


travelled over the rough ground (not the displacement). If uu, and u, two coefficients of friction are given, 
then we will have to take p. 


6 Example 6 


—10 m/s 


In the figure shown, AB- BC -2m. Friction coefficient everywhere is u 2 0.2. Find the 
maximum compression of the spring. 


Solution Let xbe the maximum extension. 


—2510 m/s Final 
2 kg 29 a hi position 
Initial 
position 


h=(24+x)sin30°=(1+05x)m 
The block has travelled d; 22m on rough horizontal ground and d,=(2+ x) m on rough inclined 


ground. In the initial position block has only kinetic energy and in the final position spring and 
gravitational potential energy. So, applying the equation. 


E,- E; = work done against friction 


=> (5 m? - E kx? + mgh) =u mg d, + (umg cos®) dy 


> 5X2 (0) 10:3? -210x 10.52) =0.2x2x10x2+ 0.2x2x10xcos 30°) (2 4 x) 


Solving this equation we get, 


x-245m Ans. 
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© Example 7 A small block slides along a track 
with elevated ends and a flat central part as 
shown in figure. The flat portion BC has a length 
123.0 m. The curved portions of the track are 
frictionless. For the flat part, the coefficient of 
kinetic friction is u, — 0.20, the particle is 
released at point A which is at height h 21.5 m 
above the flat part of the trach. Where does the block finally comes to rest? 


Solution As initial mechanical energy of the block is mgh and final is zero, so loss in 
mechanical energy = mgh. This mechanical energy is lost in doing work against friction in the 


flat part, 

So, loss in mechanical energy = work done against friction 

or mgh =umgd i.e. gaze «um 
u 0.2 


After starting from B, the block will reach C and then will rise up till the remaining KE at C is 

converted into potential energy. It will then again descend and at C will have the same value as 
it had when ascending, but now it will move from C to B. The same will be repeated and finally 
the block will come to rest at E such that 


BC+ CB * BE - 1.5 


or 34-34 BE=7.5 
ie. BE -1.5 
So, the block comes to rest at the centre of the flat part. Ans. 


© Example 8  AO0.5 kg block slides from the point A on a horizontal track with an 
initial speed 3 m/s towards a weightless horizontal spring of length 1 m and 
force constant 2 N/m. The part AB of the track is frictionless and the part BC has 
the coefficient of static and kinetic friction as 0.22 and 0.20 respectively. If the 
distances AB and BD are 2 m and 2.14 m respectively, find the total distance 


through which the block moves before it comes to rest completely. (g 2 10 m/s?) 
(JEE 1983) 


Solution As the track AB is frictionless, the block moves this distance without loss in its 
initial KE == mv" =5%0.5 x 3? 22.25 J. In the path BD as friction is present, so work done 
against friction 
-u,mgd =0.2x0.5x10x2.14=2.14 J 
So, at D the KE of the block is 22.25 - 2.14 20.11 J 
Now, if the spring is compressed by x 
0.11=4xkx x" + umgx 


i.e. 0.112 5x 2x x* & 0.2 x 0.5 x 10x A B D C 


or x + x-0.1120 
which on solving gives positive value of x 20.1 m 


After moving the distance x = 0.1 m the block comes to rest. 
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Now the compressed spring exerts a force: 
FP=kx=2x0.1=0.2N 


on the block while limiting frictional force between block and track is fr, Zu mg 
=0.22x0.5x10=1.1N. Since, F < f;. The block will not move back. So, the total distance 
moved by the block 


= AB+ BD+0.1=2+2.144+0.1 
=4.24m Ans. 


Type 4. Dependent and path independent works 


Concept 
Wz | F. dr 
Here, dr = dxi* dy j+dzk 
In the following three cases work done is path independent. 
(i) Fis a constant force. 
(ii) Fis of the type F=f i+ fo O+ h COR 
Gii) F- dr is in the form d (function of x, y and z) e.g. d(xy), so that, 


B B 
Wasn=|,F-dr=[, dG)- Ixylà 


In all other cases, we will have to mention the path. Along different paths work done 
will be different. 


© Example 9 A body is displaced from origin to (2m, 4m) under the following two 

forces : 
(a) F- (2i 6j) N, a constant force 
b) F=(2xi+ 3? .N 
Find work done by the given forces in both cases. 
Solution (a) F=@i+6j)N 

dr =(dxi+ dy 

F-dr=2dx+6dy 


(2m, 4m) (2m,4m) 
W= |F-dr= | @dx+6dy) 
(0, 0) (0,0) 


= [2x+ 6 yg)” = @x2+6x4) 
-28J Ans. 
Note Here, F is constant, so the work done is path independent. 
(b F2Qxi-35?jN 
dr - (dxi + dy j) 
F- dr=(2xdx+3y"dy) 
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(2m, 4m) (2m, 4m) 
W= | F-dr= | @xdx+3y"dy) 
(0, 0) (0, 0) 
=w lee = @)?+ @ 
=68J Ans. 


Note Here the given force is of type F=f,(x) i+ h (Vi 
So, the work done is path independent. 


© Example 10 A force F=- k(yi + xj) (where k is a positive constant) acts on a 
particle moving in the x-y plane. Starting from the origin, the particle is taken 
along the positive x-axis to the point (a,0) and then parallel to the y-axis to the 


point (a,a). The total work done by the force F on the particle is (JEE 1998) 
(a) -2ka? (b) 2ka” (c) - ka? (d) ka? 
Solution dW =F. dr, where dr = dxi + dyj + dzk 
and F -- k (yi + xj) 
dW =- k (ydx + xdy) 2 — kd(xy) 
W = nM dW =-k feed (xy) 


-- [olo o 
W =- ka? 
The correct option is (c). 
Alternate Method 
While moving from (0, 0) to (a, 0) along positive x-axis, y - 0 


SES- kxj i.e. force is in negative y-direction while the displacement is in positive x-direction. 
Therefore, W; 20 (Force 1 displacement). 
y (a,a) 
Wo 
> >X 
(60) ^ WA (a,0) 


Then, it moves from (a, 0) to (a, a) along a line parallel to y-axis (x = +a). During this 
F--k (yi + aj) 
The first component of force, -kyi will not contribute any work, because this component is along 
negative x-direction (— i) while displacement is in positive y-direction (a,0) to (a, a). 
The second component of force i.e. — kaj will perform negative work as : 
F --kaj and S-aj 

ES W,-F.S 
or W, = (-ka) (a) = - ka? 

W =W, + W, =- ka? 


Note For the given force, work done is path independent. It depends only on initial and final positions. 


Chapter 9 Work, Energy and Power * 395 


© Example 11 A body is displaced from origin to (1m,1m) by a force 

F=(2 yi 13x? 3 along two paths 
(a) x= y (b) y=x" 
Find the work done along both paths. 
Solution F=(2yi+3x7 j) 

dr =(dxi + dy j) 

F- dr =(2ydx+ 3x" dy) 
We cannot integrate F - dr or (2y dx+ 3x? dy) as such to find the work done. But along the given 
paths we can change this expression. 
(a) Along the path x= y, 
Qy dx+ 3x"dy) = Qx dx - 3?dy) 
(1m,1m) (1m,1m) 
W,- | F-dr= | (2x dx+3y"dy) 
(0,0) (0,0) 


2 3 Y1m,1 
= [x +y Ton m) 


-(y-ays2J Ans. 
(b) Along the path yx? 
Cy dx 3x? dy) = 2x dx+ 3y dy) 


(1m,1m) (1m,1m) 
W,- [ F-ar= | @27dx+ 3y dy) 
(0,0) (0,0) 
(1m,1m) 
t$ 
3 2' l(o0) 
2,3. 9,2 
-—(üy-- 
3 ) 2t ) 
-13j Ans. 
6 


Note We can see that W, #W, or work done is path dependent in this case. 


Type 5. Based on relation between conservative force (F) and potential energy (U) associated with 


this force. 
Concept 
dU 
F=- eee 
ET (i) 
[dU =-| Fax ... (ii) 


If U-x function is given, we can make F-x function by simple differentiation, using Eq. (1). If 
F-x function is given, then U- x function can be made by integration, using Eq. (11). In this 
case, some limit of U (or value of U at some given value of x) should be known to us to make 
complete U- x function. Otherwise an unknown constant of integration will be there in U-x 
equation. If no limit is given in the question and we have to select the most appropriate 
answer then we can take U 2 0at x- 0. 
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© Example 12 A particle, which is constrained to move along x-axis, is subjected 
to a force in the same direction which varies with the distance x of the particle 
from the origin as F (x) 2— kx + ax?. Here, k and a are positive constants. For 
x 2 0, the functional form of the potential energy U (x) of the particle is (JEE 2002) 


U(x) U(X) U(x) U(x) 
= ~ a Ae 
(a) (b) (c) (d) 


Solution F =- gU. 
dx 


dU=-F-dx or U @)=-| Chet ax?) dx 
ax 


2 
poer 


2k 
a 


U (x) = negative for x » [2k 
a 


Further, F =0 at x =0. Therefore slope of U -x graph should be zero at x =0. 


U (x) 0 at x=0and x= 


Hence, the correct answer is (d). 
Note In this example, we have assumed a limit : U =0 at x =0. 
© Example 13 A particle is placed at the origin and a force F = kx is acting on it 


(where k is a positive constant). If U (0) = 0, the graph of U (x) versus x will be 
(where, U is the potential energy function) (JEE 2004) 


U(x) U(x) U(x) U(x) 
EE ac A A 
(a) (b) (d) 


(c) 


Solution From F =- aU 
dx 


J "au -- [Fax - -[ 02) dx 


0 


2 
U (9-- t as U (0) 20 


Therefore, the correct option is (a). 


Miscellaneous Examples 


© Example 14 A small mass m starts from rest and slides down the smooth 
spherical surface of R. Assume zero potential energy at the top. Find 
(a) the change in potential energy, 
(b) the kinetic energy, 
(c) the speed of the mass as a function of the angle 0 made by the 
radius through the mass with the vertical. 
Solution In the figure, h = R (1 — cos 0) 
(a) As the mass comes down, potential energy will decrease. Hence, 
AU =- mgh =- mgR (1 — cos 0) 
(b) Magnitude of decrease in potential energy = increase in kinetic energy 


Kinetic energy = mgh 
- mgR (1 — cos 0) Ans. 


(c) ; mv? = mgR (1 — cos 0) 


v= J2gR (1 — cos 0) Ans. 


© Example 15 A smooth track in the form of a quarter-circle of radius 6 m lies in 
the vertical plane. A ring of weight 4 N moves from P, and P, under the action of 
forces F,, F, and F,. Force F, is always towards P, and is always 20 N in 
magnitude; force F, always acts horizontally and is always 30 N in magnitude; 
force F4 always acts tangentially to the track and is of magnitude (15 — 10 s) N, 
where s is in metre. If the particle has speed 4 m/s at P,, what will its speed be at 


P,? 
Solution The work done by F is p Em > 
P 
W, = | F, cos ds yO Pe 
P 
From figure, s=R E - 2) 
R=6m 
or ds = (6 m)d (-20) = -12 d0 6m 
and F, = 20. 
At P, =z- 3 g- T : 20N 
2 4 JA Fs - (15 - 10s) N 
At Pz, 2020 => 0-20 i Fo =30N 
0 
Hence, W = -240 Í cos 0 dé X P 
m4 1 W=4N 
=240 sin “ -12042 J 
The work done by E, is 
G(x/2) m 6n 
W; =| F; ds=| (15 — 10s) ds [nn-ni-5) 


= [15s - 5s?" = — 302.8 J 
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To calculate the work done by F, and by w, it is convenient to take the projection of the path in 
the direction of the force. Thus, 


W = F,(OP) =30(6)=180 J 
W, = C w)(P O) = (-4)(6) = -24 J (w = weight) 
The total work done is Wi + W; + Wo + W, =23 J 
Then, by the work-energy principle. 
Kp, - Kp, =23 J 


fá) a I4) a 
H5): :[ss)e i 


Ug — 11.3 m/s Ans. 


© Example 16 A single conservative force F(x) acts on a 1.0 kg particle that moves 
along the x-axis. The potential energy U(x) is given by: 
U(x) = 20+ (x - 2) 
where, x is in meters. At x 2 5.0 m the particle has a kinetic energy of 20 J. 


(a) What is the mechanical energy of the system? 

(b) Make a plot of U(x) as a function of x for -10m&€ x€ 10 m, and on the same graph 
draw the line that represents the mechanical energy of the system. 
Use part (b) to determine. 

(c) The least value of x and 

(d) The greatest value of x between which the particle can move. 

(e) The maximum hinetic energy of the particle and 

(f) The value of x at which it occurs. 

(g) Determine the equation for F(x) as a function of x. 

(h) For what (finite) value of x does F'(x) - 0? 

Solution (a) Potential energy at x 25.0 m is 

U =20+ 6-2) =29 J 
Mechanical energy 


E =K +U =20+29=49 J 


x (m) 


(b Atx=10m, U=84J at x--10m, U -164J 
andatx-2m, U =minimum - 20 J 


(c) and (d) Particle will move between the points where its kinetic energy becomes zero or its 
potential energy 1s equal to its mechanical energy. 
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Thus, 49 220 + (x - 2? 
or (x — 2)? =29 
or x—2=+ 29 =+5.38m 


E: x=7.38m and -3.38 m 
or the particle will move between x 2 — 3.38 m and x = 7.38 m 
(e) and ( Maximum kinetic energy is at x - 2 m, where the potential energy is minimum and 
this maximum kinetic energy is, 
K nax = E —U min = 49 — 20 
=29 J 


(g) F= d 2(x-2)=22 — x) 
dx 


(h) F(x)=0, at x=20m 


where potential energy is minimum (the position of stable equilibrium). 


Example 17 A small disc A slides down with initial velocity equal to zero from 
the top of a smooth hill of height H having a horizontal portion. What must be the 
height of the horizontal portion h to ensure the maximum distance s covered by 
the disc? What is it equal to? 


<—'S —»1 


Solution In order to obtain the velocity at point B, we apply the law of conservation of energy. 


So, 
Loss in PE = Gain in KE 
m gd -h)- rm 
v= Bg (H - h)] 
Further h- - gt? 
B t - Jh lg) 
Now, s=vuxt=2g(H - h)] x JG hig) 


or s- I4 AGI - h] NO 


For maximum value of s, = =0 
dh 


1 
2 J [4 A(H —h)] 
Substituting h = H/2 , in Eq. (i), we get 
s = [40 2) (H — H | =VH* =H Ans. 


x 4(H -2h)-20 or hom Ans. 


400 e Mechanics - I 


© Example 18 A small disc of mass m slides m 
down a smooth hill of height h without initial 
velocity and gets onto a plank of mass M lying on 
a smooth horizontal plane at the base of hill 
figure. Due to friction between the disc and the M 
plank, disc slows down and finally moves as one 
piece with the plank. (a) Find out total work 
performed by the friction forces in this process. (b) can it be stated that the result 
obtained does not depend on the choice of the reference frame. 
Solution (a) When the disc slides down and comes onto the plank, then 


mgh = i mv? 


Es v=(2 gh) ... (1) 
Let v, be the common velocity of both, the disc and plank when they move together. From law of 
conservation of linear momentum, 


mv=(M +m)uù 
mu T 
Uy -2———— wa 
BIET = 
Now, change in KE = (K); — (K); = (work done)piction 


; (M +m)? Pm = (work done)siction 


2 
or W, =1 (M+m) = pe 
2 M+m 2 
end id 1 
2 | M+m 
as l ni ah 
2 r 
M 
W, -—mgh Ans. 
fr S P 


(b) In part (a), we have calculated work done from the ground frame of reference. Now, let us 
take plank as the reference frame. 


f= umg 4——»m ; 
>f = um 
E nE ene 


Acceleration of plank a, = f ume 
M M 


Free body diagram of disc with respect to plank is shown in figure. 
Here, may = pseudo force. 


". Retardation of disc w.r.t. plank. 
2 
um g 
_f+ma U"E* M _ -g Wms 
a, Hs + 
m m M 


(E " 
M p 
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The disc will stop after travelling a distance S, relative to plank, where 
v Mgh 


r 


~ 2a, ~ (M + m)ug 


(0-7 vj -2a,8,) 


r 


. Work done by friction in this frame of reference 
Mgh | 


Wr = fS,= imp) c 
EE M mgh 
~  (M+m) 


which is same as part (a). 


Note Work done by friction in this problem does not depend upon the frame of reference, otherwise in general 
work depends upon reference frame. 


© Example 19 Two blocks A and B are connected to — 
each other by a string and a spring. The string passes EN 
over a frictionless pulley as shown in figure. Block B i 
slides over the horizontal top surface of a stationary £ VE 


block C and the block A slides along the vertical side of 

C, both with the same uniform speed. The coefficient of 

friction between the surfaces of the blocks is 0.2. The 

force constant of the spring is 1960 Nm !. If the mass of block A is 2 kg, calculate 


the mass of block B and the energy stored in the spring. (g = 9.8 m/s”) 


Solution Let m be the mass of B. From its T uN' T, 
free-body diagram | | 
T -uN =mx0=0 — 
N B T "A 

where, T = tension of the string and N 2 mg " gu— N 
^ T= 

woe T 29 
From the free-body diagram of the spring (a) (b) (c) 

T-T =0 
where, T" is the force exerted by A on the spring or T = T" = ung 
From the free-body diagram of A 2g —(T' +pN’)=2x0=0 


where, N’ is the normal reaction of the vertical wall of C on A and N’ 22 x0 (as there is no 
horizontal acceleration of A) 

2g =T =umg or m-28..2. 

ug 0.2 


Tensile force on the spring = T or T' Zumg 20.2x10x9.8-219.6 N 


=10kg Ans. 


Now, in a spring tensile force = force constant x extension 


19.6=1960x or x= us m or U (energy of a spring) = ; kx? 


1 "M 
= $x 1960x (=) =0.098 J Ans. 
2 100 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) Ifboth Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: Power of a constant force is also constant. 
Reason: Net constant force will always produce a constant acceleration. 

2. Assertion: A body is moved from x= 2 to x = 1, under a force F = 4x, the work done by this 
force is negative. 
Reason: Force and displacement are in opposite directions. 

3. Assertion: If work done by conservative forces is positive, kinetic energy will increase. 
Reason: Because potential energy will decrease. 

4. Assertion: In circular motion work done by all the forces acting on the body is zero. 
Reason: Centripetal force and velocity are mutually perpendicular. 

5. Assertion: Corresponding to displacement- time graph of a particle 
moving in a straight line we can say that total work done by all the forces 
acting on the body is positive. 
Reason: Speed of particle is increasing. 


6. Assertion: Work done by a constant force is path independent. 
Reason: All constant forces are conservative in nature. 

7. Assertion: Work-energy theorem can be applied for non-inertial frames also. 
Reason: Earth is a non-inertial frame. 


8. Assertion: A wooden block is floating in a liquid as shown in figure. In vertical direction 
equilibrium of block 1s stable. 


Reason: When depressed in downward direction is starts oscillating. 
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9. Assertion: Displacement-time graph of a particle moving in a straight line is shown in 
figure. Work done by all the forces between time interval f, and t, is definitely zero. 


Reason: Work done by all the forces 1s equal to change in kinetic energy. 


10. Assertion: All surfaces shown in figure are smooth. Block A comes down along the wedge B. 
Work done by normal reaction (between A and B) on Bis positive while on A it is negative. 


Reason: Angle between normal reaction and net displacement of Ais greater than 90? while 
between normal reaction and net displacement of Bis less than 90°. 


w 


11. Assertion: A plank A is placed on a rough surface over which a block Bis placed. In the 
shown situation, elastic cord is unstretched. Now a gradually increasing force F is applied 
slowly on A until the relative motion between the block and plank starts. 


Friction f4 
B "d 


Friction f2 F 
BL. 


At this moment cord is making an angle 0 with the vertical. Work done by force F is equal to 
energy lost against friction f, plus potential energy stored in the cord. 


Reason : Work done by static friction f, on the system as a whole is zero. 


12. Assertion: A block of mass m starts moving on a rough horizontal surface with a velocity v. It 
stops due to friction between the block and the surface after moving through a ceratin distance. 
The surface is now tilted to an angle of 30? with the horizontal and the same block is made to go 
up on the surface with the same initial velocity v. The decrease in the mechanical energy in the 
second situation is smaller than that in the first situation. 


Reason: The coefficient of friction between the block and the surface decreases with the 
increase in the angle of inclination. 
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Objective Questions 
Single Correct Option 


1. 


Identify, which of the following energies can be positive (or zero) only? 
(a) Kinetic energy 

(b) Potential energy 

(c) Mechanical energy 

(d) Both kinetic and mechanical energies 


. The total work done on a particle is equal to the change in its kinetic energy 


(a) always 

(b) only if the forces acting on the body are conservative 
(c) only in the inertial frame 

(d) only if no external force is acting 


. Work done by force of static friction 


(a) can be positive (b) can be negative (c) can be zero (d) All of these 


. Work done when a force F= (i + 2j 4 3k) N acting on a particle takes it from the point 


r= G4 j+ k) to the point r= â- j^ 2K)is 
(a) -3J (b) -1J (c) zero (d) 2J 


. A particle moves along the x-axis from x = 0 to x = 5 m under the influence of a force given by 


F = 7- 2x + 3x? The work done in the process is 
(a) 360 J (b) 85 J (c) 185 J (d) 135 J 


. A particle moves with a velocity v= (5i — 3j+ 6k) ms ! under the influence of a constant force 


F - (10i 4 10 i + 20 K) N. The instantaneous power applied to the particle is 
(a) 200 W (b) 320 W (c) 140 W (d) 170 W 


. A pump is required to lift 800 kg of water per minute from a 10 m deep well and eject it with 


speed of 20 m/s. The required power in watts of the pump will be 
(a) 6000 (b) 4000 (c) 5000 (d) 8000 


. A ball is dropped onto a floor from a height of 10 m. If 20% of its initial energy is lost, then the 


height of bounce is 
(a) 2 m (b) 4m (c)8m (d) 6.4 m 


. A body with mass 1 kg moves in one direction in the presence of a force which is described by the 


potential energy graph. If the body is released from rest at x= 2 m, than its speed when it 
crosses x = 5m is (Neglect dissipative forces) 


(a) 242 ms! (d) 3 me^! 


Chapter 9 Work, Energy and Power * 405 


10. A body has kinetic energy E when projected at angle of projection for maximum range. Its 


11 


12. 


13. 


14. 


15. 


16. 


kinetic energy at the highest point of its path will be 


(a) E (b) Z ©) E ee 


. Aperson pulls a bucket of water from a well of depth h. If the mass of uniform rope is m and that 


of the bucket full of water is M, then work done by the person is 


(a) (w 4 meh (b) : (M +m)gh 


(c) (M +m) gh (d) & + m) gh 


The velocity of a particle decreases uniformly from 20 ms ! to zero in 10 s as shown in figure. If 
the mass of the particle is 2 kg, then identify the correct statement. 


v (m/s) 


20 


(e 10 (s) 


(a) The net force acting on the particle is opposite to the direction of motion 
(b) The work done by friction force is -400 J 

(c) The magnitude of friction force acting on the particle is 4 N 

(d) All of the above 


The minimum stopping distance of a car moving with velocity v is x. If the car is moving with 
velocity 2v, then the minimum stopping distance will be 

(a) 2x (b) 4x 

(c) 3x (d) 8x 


A projectile is fired from the origin with a velocity v, at an angle 0 with the x-axis. The speed of 
the projectile at an altitude h is 


(a) ug cos0 (b) A us —2gh (c) J UE sin?0 - 29h (d) None of these 


A particle of mass m moves from rest under the action of a constant force F which acts for two 
seconds. The maximum power attained is 

p 2F ap" 
(a) 2Fm (b) — (c) — (d) — 
m m m 


A body moves under the action of a constant force along a straight line. The instantaneous 
power developed by this force with time t is correctly represented by 


P P P P 
(a) (b) / (c) | (d) í 
O i O t O : O i 
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17. 


18. 


19. 


20. 


A ball is dropped at t = 0 from a height on a smooth elastic surface. Identify the graph which 
correctly represents the variation of kinetic energy K with time t. 


K K K K 
(a) (b) (c) (d) 
o >t o EI o f Oo t 


A block of mass 5 kg is raised from the bottom of the lake to a height of 3 m without change in 
kinetic energy. If the density of the block is 3000 kg m ?, then the work done is equal to 

(a) 100 J (b) 150 J (c) 50 J (d) 75 J 

A body of mass m is projected at an angle 0 with the horizontal with an initial velocity u. The 
average power of gravitational force over the whole time of flight 1s 


(a) mgu cos0 (b) ; mg Ju cos0 (c) ; mgu sin 0 (d) zero 


A spring of force constant k is cut in two parts at its one-third length. When both the parts are 
stretched by same amount. The work done in the two parts will be 
(a) equal in both (b) greater for the longer part 


(c) greater for the shorter part (d) data insufficient 


Note Spring constant of a spring is inversely proportional to length of spring. 


21. 


22. 


23. 


24. 


A particle moves under the action of a force F = 20i4 15j along a straight line 3y + ax= 5, 
where, & is a constant. If the work done by the force F is zero, then the value of & is 
i ©)? 
9 4 
(c) 3 (d) 4 
A system of wedge and block as shown in figure, is released with the spring in 


its natural length. All surfaces are frictionless. Maximum elongation in the 
spring will be 


2 mg sinO mg sin0 

a DESEE HH ee 
(a) K (b) K 

4 mg sino mg sinO 

ome (q) ZEST 
K 2K 


A force F = (3ti + 5pN acts on a body due to which its displacement varies as S = (2t? 1-5 » m. 
Work done by this force in 2 second is 

(a) 32 J (b) 24 J 

(c) 46 J (d) 20 J 

An open knife of mass m is dropped from a height h on a wooden floor. If the blade penetrates up 
tothe depth d into the wood, the average resistance offered by the wood to the knife edge is 


h hy 
wed d 


(c) mg E — *) (d) mg (1 + 2) 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 
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Two springs have force constants k4 and kg such that kg = 2k,. The four ends of the springs are 
stretched by the same force. If energy stored in spring Ais E, then energy stored in spring Bis 


(a) Z (b 2E (c) E (d) 4E 


A mass of 0.5 kg moving with a speed of 1.5 m/s on a horizontal smooth surface, collides with a 
nearly weightless spring of force constant k= 50 N/m. The maximum compression of the spring 
would be 

(a) 0.15 m (b) 0.12 m (c) 0.5 m (d) 0.25 m 


A bullet moving with a speed of 100 ms ! can just penetrate into two planks of equal thickness. 
Then the number of such planks, if speed is doubled will be 
(a) 6 (b) 10 (c) 4 (d) 8 


A body of mass 100 g is attached to a hanging spring whose force constant is 10 N/m. The body is 
lifted until the spring is in its unstretched state and then released. Calculate the speed of the 
body when 1t strikes the table 15 cm below the release point 

(a) 1 m/s (b) 0.866 m/s (c) 0.225 m/s (d) 1.5 m/s 


An ideal massless spring S can be compressed 1.0 m in equilibrium by a force of 100 N. This 
same spring is placed at the bottom of a friction less inclined plane which makes an angle 
0 = 30? with the horizontal. A 10 kg mass m is released from the rest at the top of the inclined 
plane and 1s brought to rest momentarily after compressing the spring by 2.0 m. The distance 
through which the mass moved before coming to rest is 

(3) 8m (b) 6 m 

(c) 4 m (d) 5m 


A body of mass m is released from a height A on a smooth inclined plane 
that is shown in the figure. The following can be true about the velocity 
of the block knowing that the wedge 1s fixed 

(a) vis highest when it just touches the spring 

(b) vis highest when it compresses the spring by some amount 

(c) vis highest when the spring comes back to natural position 

(d) vis highest at the maximum compression 


plane of height h and inclination 0 with the help of a string parallel to 
the incline. Which of the following statement 1s incorrect for the block 
when it moves up from the bottom to the top of the incline? 

(a) Work done by the normal reaction force is zero 

(b) Work done by the string 1s mgh 

(c) Work done by gravity is mgh 

(d) Net work done on the block is zero 


A block of mass m 1s directly pulled up slowly on a smooth inclined ? 


m 
Z 
A spring of natural length / is compressed vertically downward against the floor so that its 


compressed length becomes z On releasing, the spring attains its natural length. If k is the 


stiffness constant of spring, then the work done by the spring on the floor is 
(a) zero (b) ; Re 


1 2 
(c) 2 B (d) kÊ 
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33. 


34. 


35. 


36. 


37. 


38. 


39. 


The relationship between the force F and position x of a body is as shown in figure. The work 
done in displacing the body from x = 1 m to x= 5 m will be 


(a) 30 J (b) 15 J 
(c) 25 J (d) 20 J 


Under the action of a force, a 2 kg body moves such that its position x as a function of time 1s 
3 


given by x= = where x is in metre and £ in second. The work done by the force in the first two 


seconds is 
(a) 1600 J (b) 160 J 
(c) 16 J (d) 1.6 J 


The kinetic energy of a projectile at its highest position is K. If the range of the projectile is four 
times the height of the projectile, then the initial kinetic energy of the projectile 1s 


(a) V2K (b) 2K 
()4K (da) 2V2 K 


Power applied to a particle varies with time as P = (3t? — 2t + 1) watt, where tis in second. Find 
the change in its kinetic energy between time t= 2s andt=4s 

(a) 32 J (b) 46 J 

(c) 61 J (d) 102 J 

A block of mass 10 kg is moving in x-direction with a constant speed of 10 m/s. It is subjected to a 


retarding force F =- 0.1x J/m during its travel from x= 20m to x= 30 m. Its final kinetic 
energy will be 


(a) 475 J (b) 450 J 

(c) 275 J (d) 250 J 

A ball of mass 12 kg and another of mass 6 kg are dropped from a 60 feet tall building. After a 
fall of 30 feet each, towards earth, their kinetic energies will be in the ratio of 

(a) V2 :1 (b) 1:4 

(c) 2:1 (d) 1: V2 

A spring of spring constant 5 x 10° N/m is stretched initially by 5 cm from the unstretched 
position. The work required to further stretch the spring by another 5 cm is 


(a) 6.25 N-m (b) 12.50 N-m 
(c) 18.75 N-m (d) 25.00 N-m 
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Subjective Questions 


1. 


10. 


Momentum of a particle 1s increased by 50%. By how much percentage kinetic energy of particle 
will increase ? 


. Kinetic energy of a particle is increased by 1%. By how much percentage momentum of the 


particle will increase ? 


. Two equal masses are attached to the two ends of a spring of force constant k. The masses are 


pulled out symmetrically to stretch the spring by a length 2x, over its natural length. Find the 
work done by the spring on each mass. 


. A rod of length 1.0 m and mass 0.5 kg fixed at one end is initially hanging vertical. The other 


end is now raised until it makes an angle 60? with the vertical. How much work is required ? 
g 


. A particle is pulled a distance / up a rough plane inclined at an angle o to the horizontal by a 


string inclined at an angle ß to the plane (a+ B < 90° ). If the tension in the string is T, the 
normal reaction between the particle and the plane 1s N, the frictional force 1s F and the weight 
of the particle 1s w. Write down expressions for the work done by each of these forces. 


. A chain of mass m and length / lies on a horizontal table. The chain is allowed to slide down 


gently from the side of the table. Find the speed of the chain at the instant when last link of the 
chain slides from the table. Neglect friction everywhere. 


. A helicopter lifts a 72 kg astronaut 15 m vertically from the ocean by means of a cable. The 


acceleration of the astronaut is =. How much work is done on the astronaut by (g = 9.8 m/s?) 


(a) the force from the helicopter and 

(b) the gravitational force on her ? 

(c) What are the kinetic energy and 

(d) the speed of the astronaut just before she reaches the helicopter ? 


. A 1.5 kg block is initially at rest on a horizontal frictionless surface when a horizontal force in 


the positive direction of x-axis is applied to the block. The force is given by F(x) = (2.5 — xÁ N, 
where, x is in metre and the initial position of the block is x = 0. 

(a) What is the kinetic energy of the block as it passes through x =2.0m ? 

(b) What is the maximum kinetic energy of the block between x 2 0 and x=2.0m? 


. A small block of mass 1 kg is kept on a rough inclined wedge of inclination 45? fixed in an 


elevator. The elevator goes up with a uniform velocity v = 2 m/s and the block does not slide on 
the wedge. Find the work done by the force of friction on the block in 1 s. (g = 10 m/s?) 


Two masses m, = 10 kg and m, = 5 kg are connected by an ideal string as shown in the figure. 
The coefficient of friction between m, and the surface is u = 0.2. Assuming that the system is 
released from rest. Calculate the velocity of blocks when m; has descended by 4 m. (g = 10 m/ s?) 
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11. 


12. 


13. 


14. 


15. 


A smooth sphere of radius R is made to translate in a straight line with a constant acceleration 
a = g. A particle kept on the top of the sphere is released from there at zero velocity with respect 
to the sphere. Find the speed of the particle with respect to the sphere as a function of angle0 as 
it slides down. 


In the arrangement shown in figure m, = 4.0 kg and mg = 1.0 kg. The system is released from 
rest and block B is found to have a speed 0.3 m/s after it has descended through a distance of 
1 m. Find the coefficient of friction between the block and the table. Neglect friction elsewhere. 
(Take g 2 10 m/s?). 


In the figure, block A is released from rest when the spring is in its natural length. For the block 
B of mass m to leave contact with the ground at some stage what should be the minimum mass 
of block A? 


s mj 


As shown in figure a smooth rod is mounted just above a table top. A 10 kg collar, which 1s able 
to slide on the rod with negligible friction is fastened to a spring whose other end is attached to a 
pivot at O. The spring has negligible mass, a relaxed length of 10 cm and a spring constant of 
500 N/m. The collar is released from rest at point A. (a) What is its velocity as it passes point B ? 


R tf int C. 
(b) Repeat for point C. emae 


C B 


A block of mass m is attached with a massless spring of force 4 
constant K. The block is placed over a rough inclined surface for "^ | 
m 


which the coefficient of friction is u = Z, Find the minimum value of 


M required to move the block up the plane. (Neglect mass of string M| 
and pulley. Ignore friction in pulley). y: 


16. 


17. 


18. 


19. 


20. 


21. 
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A block of mass 2 kg is released from rest on a rough inclined ground as 
shown in figure. Find the work done on the block by 
(a) gravity, (b) force of friction 


when the block is displaced downwards along the plane by 2 m. 
(Take g= 10 m/s?) 


. ; ; ee A 
The potential energy of a two particle system separated by a distance r is given by U(r)=—, 
r 
where A is a constant. Find the radial force F., that each particle exerts on the other. 


A single conservative force F, acts on a 2 kg particle that moves along the x-axis. The potential 
energy 1s given by 
U - (x- 4f - 16 

Here, x is in metre and U in joule. At x = 6.0 m kinetic energy of particle is 8 J. Find 

(a) total mechanical energy 

(b) maximum kinetic energy 

(c) values of x between which particle moves 

(d) the equation of F, as a function of x 

(e) the value of x at which F, is zero 
A 4 kg block 1s on a smooth horizontal table. The block 1s connected to a second block of mass 
1 kg by a massless flexible taut cord that passes over a frictionless pulley. The 1 kg block is 1 m 
above the floor. The two blocks are released from rest. With what speed does the 1 kg block hit 


the ground ? 
Litkg 4m 
Y 


Block A has a weight of 300 N and block B has a weight of 50 N. Determine the distance that A 
must descend from rest before 1t obtains a speed of 2.5 m/s. Neglect the mass of the cord and 
pulleys. 


A sphere of mass m held at a height 2R between a wedge of same mass m and a rigid wall, is 
released from rest. Assuming that all the surfaces are frictionless. Find the speed of both the 
bodies when the sphere hits the ground. 
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22. 


23. 


24. 


25. 


26. 


The system is released from rest with the spring initially stretched 75 mm. 
Calculate the velocity v of the block after it has dropped 12 mm. The spring has a 
stiffness of 1050 N/m. Neglect the mass of the small pulley. 
| [45 kg 
Consider the situation shown in figure. The system is released from rest and the block of mass 


1 kg is found to have a speed 0.3 m/s after it has descended through a distance of 1 m. Find the 
coefficient of kinetic friction between the block and the table. 


1.0 kg T] 


A disc of mass 50 g slides with zero initial velocity down an inclined plane set at an angle 30° to 
the horizontal. Having traversed a distance of 50 cm along the horizontal plane, the disc stops. 
Find the work performed by the friction forces over the whole distance, assuming the friction 
coefficient 0.15 for both inclined and horizontal planes. (g = 10 m/ s?) 


Block A has a weight of 300 N and block B has a weight of 50 N. If the coefficient of kinetic 
friction between the incline and block A is u, = 0.2. Determine the speed of block A after it 
moves 1 m down the plane, starting from rest. Neglect the mass of the cord and pulleys. 


Figure shows, a 3.5 kg block accelerated by a compressed spring whose spring constant is 
640 N/m. After leaving the spring at the spring’s relaxed length, the block travels over a 
horizontal surface, with a coefficient of kinetic friction of 0.25, for a distance of 7.8 m before 
stopping. (g = 9.8 m/s”) 


I-—— No friction ——>«— 7.8 m —4 


(a) What is the increase in the thermal energy of the block-floor system ? 
(b) What is the maximum kinetic energy of the block ? 
(c) Through what distance is the spring compressed before the block begins to move ? 


LEVEL 2 


Objective Questions 
Single Correct Option 
1. A bead of mass E kg starts from rest from Ato move in a vertical plane along 


a smooth fixed quarter ring of radius 5 m, under the action of a constant 
horizontal force F = 5 N as shown. The speed of bead asit reaches the point B 
is [Take g = 10 ms ?] 

(a) 14.14 ms ! (b) 7.07 ms + 

(c) 4 ms! (d) 25 ms! 


2. A car of mass m is accelerating on a level smooth road under the action of a single force F. The 
power delivered to the car is constant and equal to P. If the velocity of the car at an instant is v, 
then after travelling how much distance it becomes double? 


F 
e [^] 
"m? Amv? 
(a) E (b) 3P 
mv 18m? 
(c) P (d) 7P 


3. An ideal massless spring S can be compressed 1 m by a force of 100 N in equilibrium. The same 
spring is placed at the bottom of a frictionless inclined plane inclined at 30° to the horizontal. A 
10 kg block M is released from rest at the top of the incline and is brought to rest momentarily 
after compressing the spring by 2 m. If g= 10 ms ?, what is the speed of mass just before it 


touches the spring? T" 


S 
0% 


(a) V20 ms"! (b) 430 ms"! (c) V10 ms (d) V40 ms! 


4. A smooth chain AB of mass m rests against a surface in the form 
of a quarter of a circle of radius R. If it is released from rest, the 
velocity of the chain after it comes over the horizontal part of the 
surface 1s 


(a) J2gR (b) JgR 


© Jogr (a n z) (d) J£gR Q - x) 
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10. 


. Initially the system shown in figure is in equilibrium. At the moment, the string is cut € 


the downward acceleration of blocks A and B are respectively a, and ay. The 


magnitudes of a, and a, are A 
(a) zero and zero 


(b) 2g and zero k 

(c) g and zero E 

(d) None of the above m 
. In the diagram shown, the blocks A and B are of the same mass M A B e 


and the mass of the block Cis M,. Friction is present only under the 
block A. The whole system is suddenly released from the state of 
rest. The minimum coefficient of friction to keep the block A in the i 
state of rest is equal to 

@ 2M, 
M M 


(c) i (d) None of these 


string tension between two masses just after, when one of the springs is cut. Mass of 
both the blocks is same and equal to m and spring constant of both the springs is k 


. System shown in figure is in equilibrium. Find the magnitude of net change in the can 
k k 


mg mg m 
ara ir | 

mg 3mg m 
(c) EN (d) 73 


. A body is moving down an inclined plane of slope 37°. The coefficient of friction between the 


body and the plane varies as u = 0.3 x, where x is the distance traveled down the plane by the 


body. The body will have maximum speed. [sin 387° = : 


(a) at x 21.16 m (b) at x=2 m 
(c) at bottommost point of the plane (d) at x 22.5 m 


. The given plot shows the variation of U, the potential energy U 


of interaction between two particles with the distance 
separating them r. 


1. Band D are equilibrium points 


2. Cis a point of stable equilibrium >r 
3. The force of interaction between the two particles is 
attractive between points C and D and repulsive between D and E 
4. The force of interaction between particles is repulsive between points E and F. 
Which of the above statements are correct? 
(a) 1 and 2 (b) 1 and 4 (c) 2 and 4 (d) 2 and 3 


A particle 1s projected at £ = 0 from a point on the ground with certain velocity at an angle with 
the horizontal. The power of gravitation force is plotted against time. Which of the following is 
the best representation? 


1 ji 1 t 
P P P P 
(a) (b) (c) > (d) > 
t— t— 


11. 


12. 


13. 


14. 


15. 


16. 
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A block of mass m is attached to one end of a mass less spring of spring constant k. The other end 
of spring 1s fixed to a wall. The block can move on a horizontal rough surface. The coefficient of 
friction between the block and the surface is u. Then the compression of the spring for which 
maximum extension of the spring becomes half of maximum compression is 
@ EL (y ZEE gos (d) None of these 

k k k 
A block of mass m slides along the track with kinetic friction u. A man pulls the block through a 
rope which makes an angle 0 with the horizontal as shown in the figure. The block moves with 
constant speed v. Power delivered by man is 


(a) Tv (b) Tv cos® 
(c) (T cos 0 — umg) v (d) zero 


The potential energy © in joule of a particle of mass 1 kg moving in x-y plane obeys the law, 
$ — 3x + 4y. Here, x and y are in metres. If the particle is at rest at (6m, 8m) at time 0, then the 
work done by conservative force on the particle from the initial position to the instant when it 
crosses the x-axis is 

(a) 25 J (b) - 25 J (c) 50 J (d) - 50 J 


The force acting on a body moving along x-axis varies with the position of the particle shown in 
the figure. The body 1s in stable equilibrium at 


F 
x 
x X2 
(a) x=% (b) x = xs 
(c) both x, and x, (d) neither x, nor x, 


A small mass slides down an inclined plane of inclination 0 with the horizontal. The coefficient 
of friction is u 2 iox, where x is the distance through which the mass slides down and Uy a 
positive constant. Then the distance covered by the mass before it stops 1s 


(a) 2 tan@ (b) 2 tan@ (c) 23 tan0 (d) 3 tan@ 
Ho Ho 2Ho Ho 


Two light vertical springs with spring constants k, and k are separated 
by a distance /. Their upper ends are fixed to the ceiling and their lower 
ends to the ends Aand B of a light horizontal rod AB. A vertical  $&* — !- —*$ k 


downward force F is applied at point C on the rod. AB will remain C 
horizontal in equilibrium if the distance AC 1s e 

lh, lh, A F B 
a) — py — 
S ky hy + ky 

lk. lk 
(c) = (d) —— 

kı kı + k 
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1f. 


18. 


19. 


20. 


21. 


A block of mass 1 kg slides down a curved track which forms one quadrant of a circle of radius 
1m as shown in figure. The speed of block at the bottom of the track is v = 2 ms‘. The work 


done by the force of friction is 


(3) - 4J (b) -4J (c) -8J (d) - 8J 
The potential energy function for a diatomic molecule is U(x) = L — = In stable equilibrium, 
x x 

the distance between the particles is 

2q 6 qe 
@ (72) w (2) 

ES p V 
es.) @ (2) 

2a a 
A rod of mass M hinged at O is kept in equilibrium with a spring of stiffness k as shown in 


figure. The potential energy stored in the spring is 


(mg) (mg) (mg) (mg) 

Me NESE, MN d) e 
(a) Ah (b) 3} (c) eh (d) L 
In the figure, m, and ms (< m) are joined together by a pulley. When the mass m, 
is released from the height h above the floor, it strikes the floor with a speed 
(a) [28h (mmi (b) y2gh | | 

m; + m 
mj 
© 2mgh (d) 2m, gh | 5 
m, + m» m, + m» mo 


A particle free to move along x- axis is acted upon by a force F = — ax + bx? where a and b are 
positive constants. For x2 0, the correct variation of potential energy function U(x) is best 
represented by 


U U Í ` U 
O X O X O X O X 
(a) (b) (c) (d) 
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22. Equal net forces act on two different blocks A and B of masses m and 4m respectively. For same 
displacement, identify the correct statement. 
(a) Their kinetic energies are in the ratio Ka = 1 
B 
: : . UA 1 

(b) Their speeds are in the ratio — = = 

Up 

B B Wa 1 
(c) Work done on the blocks are in the ratio — = — 

B 


(d) All of the above 


23. The potential energy function of a particle in the x-y plane is given by U = k(x + y), where kis a 
constant. The work done by the conservative force in moving a particle from (1, 1) to (2, 3) is 
(a) - 3k (b) - 3E (c) k (d) None of these 
L1 
24. A vertical spring is fixed to one of its end and a massless plank fitted to the other end. 
A block is released from a height h as shown. Spring is in relaxed position. Then 


choose the correct statement. 
(a) The maximum compression of the spring does not depend on h 
(b) The maximum kinetic energy of the block does not depend on A 
(c) The compression of the spring at maximum KE of the block does not depend on h k 
(d) The maximum compression of the spring does not depend on k 


25. A uniform chain of length nr lies inside a smooth semicircular tube AB of radius r. Assuming a 
slight disturbance to start the chain in motion, the velocity with which it will emerge from the 
end B of the tube will be 


(a) gr E 5 =) (b) [2r E " z) 
(c) J gr (x + 2) (d) /agr 


26. A block of mass m is connected to a spring of force constant k. Initially the block is at rest and 
the spring has natural length. A constant force F is applied horizontally towards right. The 
maximum speed of the block will be (there is no friction between block and the surface) 


k F 
m 
F F J2F 2F 
SE P nk Sak SE 
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27. Two blocks are connected to an ideal spring of stiffness 200 N/m.At a certain moment, the two 


blocks are moving in opposite directions with speeds 4 ms ! and 6 ms", and the instantaneous 
2 


elongation of the spring is 10 cm. The rate at which the spring energy A is Increasing 1s 


(a) 500 J/s (b) 400 J/s (c) 200 J/s (d) 100 J/s 


28. A block Aof mass 45 kg is placed on another block Bof mass 123 kg. Now block Bis displaced by 
external agent by 50 cm horizontally towards right. During the same time block A just reaches 
to the left end of block B. Initial and final positions are shown in figures. The work done on block 
Ain ground frame is 


B F 


Initial position Final position 


(a) -18J (b) 18 J 
(c) 36 J (d) - 36 J 


29. A block of mass 10 kg is released on a fixed wedge inside a cart which is moving with constant 
velocity 10 ms ! towards right. There is no relative motion between block and cart. Then work 
done by normal reaction on block in two seconds from ground frame will be (g = 10 ms”) 


10 m/s 


(a) 1320 J (b) 960 J (c) 1200 J (d) 240 J 


30. A block tied between two identical springs is in equilibrium. If upper spring is cut, then 
the acceleration of the block just after cut is 5 ms ?. Now if instead of upper string lower : 


spring is cut, then the acceleration of the block just after the cut will be 
(Take g = 10 m/s?) 


(a) 1.25 ms? (b) 5 ms? 
(c) 10 ms? (d) 2.5 ms? 
More than One Correct Options 


1. The potential energy of a particle of mass 5 kg moving in xy-plane is given as 
U = ("Ix + 24y) joule, x and y being in metre. Initially at t = 0, the particle is at the origin (0, 0) 
moving with a velocity of (8.61 + 23.2 J) ms !. Then 


(a) The velocity of the particle at t 24s, is 5 ms! 


(b) The acceleration of the particle is 5 ms ? 


(c) The direction of motion of the particle initially (at t=0) is at right angles to the direction of 
acceleration 
(d) The path of the particle is circle 
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2. The potential energy of a particle is given by formula U = 100 — 5x + 100x”, where U and x are 
in SI units. If mass of the particle is 0.1 kg then magnitude of it’s acceleration 
(a) At 0.05 m from the origin is 50 ms? 
(b) At 0.05 m from the mean position is 100 ms? 
(c) At 0.05 m from the origin is 150 ms” 


(d) At 0.05 m from the mean position is 200 ms” 


3. One end of a light spring of spring constant k is fixed to a wall and the other end is tied to a block 
placed on a smooth horizontal surface. In a displacement, the work done by the spring is 


+ B kx”. The possible cases are 


(a) The spring was initially compressed by a distance x and was finally in its natural length 
(b) It was initially stretched by a distance x and finally was in its natural length 

(c) It was initially in its natural length and finally in a compressed position 

(d) It was initially in its natural length and finally in a stretched position 


4. Identify the correct statement about work energy theorem. 
(a) Work done by all the conservative forces is equal to the decrease in potential energy 
(b) Work done by all the forces except the conservative forces is equal to the change in mechanical 
energy 
(c) Work done by all the forces is equal to the change in kinetic energy 
(d) Work done by all the forces is equal to the change in potential energy 


5. A disc of mass 3m and a disc of mass m are connected by a massless spring of stiffness k. The 
heavier disc is placed on the ground with the spring vertical and lighter disc on top. From its 
equilibrium position the upper disc is pushed down by a distance 6 and released. Then 


(a) if ò > B mE the lower disc will bounce up 
(b) if 6 = UM maximum normal reaction from ground on lower disc = 6 mg 


: 2 : ; : 
(c) ifó = m maximum normal reaction from ground on lower disc = 4 mg 


4mg 


(d) if8 > 


, the lower disc will bounce up 


6. In the adjoining figure, block A is of mass m and block B is of mass 2 m. The spring has force 
constant k. All the surfaces are smooth and the system is released from rest with spring 
unstretched. 


A 


E 


Amg 


(a) The maximum extension of the spring is 


(b) The speed of block A when extension in spring is mg , is2g a 


(c) Net acceleration of block B when the extension in the spring is maximum, is * g 


2m 


(d) Tension in the thread for extension of 8 in spring is mg 


420 e Mechanics - I 


7. If kinetic energy of a body is increasing then 
(a) work done by conservative forces must be positive 
(b) work done by conservative forces may be positive 
(c) work done by conservative forces may be zero 
(d) work done by non-conservative forces may be zero 


8. At two positions kinetic energy and potential energy of a particle are 
K, =10J:U, 2-20J, K,=20 J,U,=-10J. In moving from 1 to 2 
(a) work done by conservative forces is positive 
(b) work done by conservative forces is negative 
(c) work done by all the forces is positive 
(d) work done by all the forces is negative 


9. Block A has no relative motion with respect to wedge fixed to the lift as 2 
shown in figure during motion-1 or motion-2. Then, 
(a) work done by gravity on block A in motion-2 is less than in motion-1 
(b) work done by normal reaction on block A in both the motions will be positive 
(c) work done by force of friction in motion-1 may be positive 1 
(d) work done by force of friction in motion-1 may be negative 


Comprehension Based Questions 
Passage (Q. Nos. 1 to 2) 


The figure shows the variation of potential energy of a particle as a function of x, the x-coordinate 
of the region. It has been assumed that potential energy depends only on x. For all other values of 
x, U is zero, i.e. for x< - 10 andx>15,U = 0. 


Based on above information answer the following questions: 
U (x) 
A 


1. If total mechanical energy of the particle is 25 J, then it can be found in the region 
(a) -10<x<-5and6<x<15 
(b)-10<x<Oand6<x<10 
(c) -b« x«6 
(d) -10 « x « 10 


2. If total mechanical energy of the particle is — 40 J, then it can be found in region 
(a) xa—10and x» 15 
(b -10«x«-5and6«x«15 
(c) 10« x «15 
(d) It is not possible 
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Match the Columns 


1. A body is displaced from x= 4 m to x= 2 m along the x-axis. For the forces mentioned in 
Column I, match the corresponding work done is Column II. 


Column I Column II 
(a) F-4i | (p) positive 
(b F = (4i-4}) (q) negative 
(c) F=-4i (r) zero 
(d F-C4i -4j) (s) IW|- 8 units 


2. A block is placed on a rough wedge fixed on a lift as shown in figure. A string is also attached 
with the block. The whole system moves upwards. Block does not lose contact with wedge on the 
block. Match the following two columns regarding the work done (on the block). 


Column | Column II 
(a) Work done by normal reaction | (p) positive | 
(b) Work done by gravity (q) negative D 
(c) Work done by friction (r) zero 
(d) Work done by tension (s) Can't say anything 


3. Two positive charges + q each are fixed at points (-a, 0) and (a, 0). A third charge + Q is placed 
at origin. Corresponding to small displacement of +Q in the direction mentioned in Column I, 
match the corresponding equilibrium of Column II. 


Column I Column II 


(a) Along positive x-axis |(p) stable equilibrium 
(b) Along positive y-axis |(q) unstable equilibrium 
(c) Along positive z-axis |(r) neutral equilibrium 
(d) Along the line x 2 y (s) no equilibrium 


4. A block attached with a spring is released from A. Position-B is the mean position and the block 
moves to point C. Match the following two columns. 


Column I Column II 


(a) From A to B decrease in gravitational (p) less than 
potential energy is........ the increase in 
spring potential energy. 

(b) From A to B increase in kinetic energy of (q) more than " 
block 1s......... the decrease in gravitational Eal 
potential energy. i 

(c) From Bto C decrease in kinetic energy of (r equal to E B 
block is..... the increase in spring potential à 
energy. f 

(d) From B to C decrease in gravitational ERI C 
potential energy is ......... the increase in 
spring potential energy. 
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5. System shown in figure is released from rest. Friction is absent and string is massless. In time 
t — 0.3 s. 


Column I Column II 


(a) Work done by gravity on 2 kg block | (p) - 1.5 J 
(b) Work done by gravity on 1 kg block | (q)2 J 

(c) Work done by string on 2 kg block (r)3 J 
(d) Work done by string on 1 kg block (s)-2 J 


1kg E 
—]2kg 


Take g = 10 ms? 

6. In Column I, some statements are given related to work done by a force on an object while in 
Column II the sign and information about value of work done is given. Match the entries of 
Column I with the entries of Column II. 


Column I Column II 


(a) Work done by friction force on the block | (p) Positive 
as it slides down a rigid fixed incline 
with respect to ground. 
(b) In above case work done by friction (q Negative 
force on incline with respect to ground. 
(c) Work done by a man in lifting a bucket | (r) Zero 
out of a well by means of a rope tied to 
the bucket with respect to ground. 
(d) Total work done by friction force in (a) (s) may be positive, negative 
with respect to ground. Or zero. 


Subjective Questions 


1. Two blocks of masses m, and m, connected by a light spring rest on a horizontal plane. The 
coefficient of friction between the blocks and the surface is equal tou. What minimum constant 
force has to be applied in the horizontal direction to the block of mass m, in order to shift the 
other block? 


2. The flexible bicycle type chain of length B and mass per unit length p is released from rest 


with 0 = 0? in the smooth circular channel and falls through the hole in the supporting surface. 
Determine the velocity v of the chain as the last link leaves the slot. 
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3. A baseball having a mass of 0.4 kg is thrown such that the force acting on it varies with time as 
shown in the first graph. The corresponding velocity time graph is shown in the second graph. 
Determine the power applied as a function of time and the work done till t= 0.3 s. 


F(N) v(m/s ) 


800 pL —— Á—— MÀ 


t(s) 
0.2 0.3 0.3 


4. A chain AB of length / is loaded in a smooth horizontal table so that its fraction of length h 
hangs freely and touches the surface of the table with its end B. At a certain moment, the end A 
of the chain 1s set free. With what velocity will this end of the chain slip out of the table? 


A 


t(s) 


5. 'The block shown in the figure is acted on by a spring with spring constant k and a weak 
frictional force of constant magnitude f. The block is pulled a distance x) from equilibrium 
position and then released. It oscillates many times and ultimately comes to rest. 


(a) Show that the decrease of amplitude is the same for each cycle of oscillation. 
(b) Find the number of cycles the mass oscillates before coming to rest. 


6. A spring mass system is held at rest with the spring relaxed at a height H above the ground. 
Determine the minimum value of H so that the system has a tendency to rebound after hitting 
the ground. Given that the coefficient of restitution between m, and ground is zero. 


D 
En + 

H 
——— — 


7. A block of mass m moving at a speed v compresses a spring through a distance x before its speed 
1s halved. Find the spring constant of the spring. 
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8. In the figure shown masses of the blocks A, Band C are 6 kg, 2 kg and 1 kg respectively. Mass of 


the spring 1s negligibly small and its stiffness 1s 1000 N/m. The coefficient of friction between 
the block A and the table is u = 0.8. Initially block C is held such that spring is in relaxed 
position. The block is released from rest. Find (g = 10 m/s”) 


m—3 


(a) the maximum distance moved by the block C. 
(b) the acceleration of each block, when elongation in the spring is maximum. 


9. A body of mass m slides down a plane inclined at an angle a. The coefficient of friction is u. Find 


10. 


11. 


12. 


the rate at which kinetic plus gravitational potential energy is dissipated at any time t. 


A particle moving in a straight line 1s acted upon by a force which works at a constant rate and 
changes its velocity from u and v over a distance x. Prove that the time taken in it is 

3 (u+v)x 

2 u?+ u+ uv 


A chain of length / and mass m lies on the surface of a smooth sphere of radius R> / with one 
end tied to the top of the sphere. 


(a) Find the gravitational potential energy of the chain with reference level at the centre of the 
sphere. 


(b) Suppose the chain is released and slides down the sphere. Find the kinetic energy of the chain, 
when it has slid through an angle 0. 


(c) Find the tangential acceleration Z of the chain when the chain starts sliding down. 


Find the speed of both the blocks at the moment the block m, hits the wall AB, after the blocks 
are released from rest. Given that m, = 0.5 kg and m, = 2 kg, (g = 10 m/ s?) 
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13. A block of mass M slides along a horizontal table with speed vo. At x = 0, it hits a spring with 
spring constant k and begins to experience a friction force. The coefficient of friction is variable 
and is given byu = bx, where b is a positive constant. Find the loss in mechanical energy when 
the block has first come momentarily to rest. 


14. A small block of ice with mass 0.120 kg is placed against a horizontal compressed spring 
mounted on a horizontal table top that is 1.90 m above the floor. The spring has a force constant 
k= 2300 N/m and is initially compressed 0.045 m. The mass of the spring is negligible. The 
spring is released and the block slides along the table, goes off the edge and travels to the floor. 
If there is negligible friction between the ice and the table, what is the speed of the block of ice 
when it reaches the floor. (g = 9.8 m/s”) 


Table 


Wall 


15. A 0.500 kg block is attached to a spring with length 0.60 m and force constant k = 40.0 N/m. The 
mass of the spring is negligible. You pull the block to the right along the surface with a constant 
horizontal force F = 20.0 N. (a) What is the block's speed when the block reaches point B, which 
1s 0.25 m to the right of point A? (b) When the block reaches point B, you let go off the block. In 
the subsequent motion, how close does the block get to the wall where the left end of the spring 
1s attached? Neglect size of block and friction. 


Introductory Exercise 9.1 
4, 22J 


5. (a) 7.2J (b)-7.2J (c) zero 


9. (a)-15J (b) -15J (c)3J (d) 27 J 


Introductory Exercise 9.2 


dy. 82) 2. -400 J 

5. 120J 6. vd 
A 

8. 32J 9. -597.6 J 


Introductory Exercise 9.3 
1. (ad) 2. 404 


Introductory Exercise 9.4 


1. x= 2 mis position of stable equilibrium. x = - 2 mis position of unstable equilibrium. 


Answers 


2. (a) 24.9 J (b) zero (c) zero (d) 24.9 J 3. 7x, 0, O, - Fx 


6. -12 J 


3. Yes 4. 


7.—14 


4. — — mgl 
z g 


8. 30 J 
10. (a) 4.0 J (b) zero (c)-1.0 J (d) 3.0 J 


7.(a) False (b) False (c) True (d) False 


2. Points A and E are unstable equilibrium positions. Point C is stable equilibrium position. 


3. (a)unstable (b) stable 


Introductory Exercise 9.5 


4.x-2m, stable 


1. (916W (D) 6A4W 2.K-Pt,v- |? Pt s = [BP qu 
m 9m 


3. @k=t2,v= (2: (b) P,, =t 
m 


LEVEL 1 
Assertion and Reason 
1. (d) 2. (a) 3. (d) 4 
11. (a) 12. (c) 
Single Correct Option 
1. (a) 2. (a) 8. (d) 4 
11. (a)  12.(aà 13. (b) 14 
21. (d) 22. (a) 23. (b) 24 
31. (c 32. (a)  33.(d) 34 
Subjective Questions 
1. 125% 2. 0.5% 3. —-Kxé 


6. /&l 


Exercises 
. (d) 5. (a) 6. (c) 7. (b) 8. (a) 
. (b) 5. (d) 6. (c) 7. (b) 8. (c) 
.(b 15.(d)  16.(b)  17.(b) 18. (a) 
.(@)  25.(a  26.(a  27.(d)  28.(b) 
.(c)  35.(b)  36.(b)  37.(a) 38. (c) 
4. W 21.225 J 5. TI cos B, O, - Fl, - WI sina 


7. (a) 116425 J (b) -10584 J (c) 1058 J (d) 5.42 m/s 


9. (d) 


9. (a) 
19. (d) 
29. (c) 
39. (c) 


8. (a) 2.33 J (b) 2.635 J 


5. x = 4m, unstable 


10. (a) 


10. (b) 
20. (c) 
30. (b) 
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9. 10J 10.4m/s 11. /2Rg(+siné—cos®) 12.0.115 13. 7 


14. (a)2.45 m/s (b) 2.15 m/s 15. z m 16. (a)34.6J (b)-10J 17. F = 4 
r 


18. (a)-4J (b) 12J (c)x - (A- 2/3) mto x = (4+ 243) m (d)F, =8-2x (e)x=4m 19. 2m/s 
20. 0.796 m 21. v, = J2g8R cosa , v, = J2gR sina 

22. v-0.37 ms! . 23.4,-0.12  24.-0.05J 25.1.12 ms} 

26. (a) 66.88J (b) 66.88J (c) 45.7 cm 


LEVEL 2 


Single Correct Option 
1.()  2.(à  83.(à A  5.(b  6.()  7.(à  8.(d  9.() 10. (c) 
11. (c)  12.(b  13.(c)  14.(b  15.(a  16.(d)  17.(c)  18.(a)  19.(c) 20. (a) 
21.(c)  22.(c) 23. (a)  24.(c)  25.(b  26.(b 27. (c)  28.(b)  29.(b) 30. (b) 


More than One Correct Options 
1. (a,b) 2. (a,b,c) 3. (a,b) 4. (b,c) 5. (b,d) 6. (a) 7. (b,c, d) 
8. (b,c) 9. (all) 


Comprehension Based Questions 

1. (a) 2. (d) 
Match the Columns 
(a) (qs) (D) 2 (a. (0o (ps (0) (b) 
(2 (p (b)> (a) (o0o()  (d)> (p) 
(0 2(p (b)> (a) (02(9 (d)> (s) 
(0 2(9 (b)=> (p) (c)=> (p) (d)> (p) 
@)=>() (5bo(p ()>(s) (d)> (q) 
(0 2(9 (b)=>() ©) (d)> (q) 


O 7 e wW N A 


Subjective Questions 


mo T 4 

+ 4 2. rl—+— 

(m 2 Jue 48 (5 :| 

3. Fort € 0.2s, P= (53.3 t) kW, for t» 0.2 s, P = (160t - 533t?) kW, 1.69 kJ. 4. |2ghln (5) 


2 
5. oz [2% - 1| 6. Hu -E| M+ 2M] e ami 
4L f k 2m, 4x 


8. (a) 2x10?m (b) a, = 8g = 0, a6 =10 m/s? 9. umg? cos a(sina — u cos a)t 


11. (a) ui sin(z) (b) mR e [sn(2). sing sin[e -| (c) i E cos (2) 


h 


1 R 

bgV2M? 
` 2(k+ bMg) 
14. 872 ms! 15. (a) 3.87 ms! (b) 0.10m 


12. 4-3.08ms] v, = 3.39 ms! 13 


Circular Motion 


Chapter Contents 


10.1 
10.2 
10.3 
10.4 
10.5 


Introduction 

Kinematics of Circular Motion 
Dynamics of Circular Motion 
Centrifugal Force 

Motion in a Vertical Circle 


10.1 Introduction 


Circular motion is a two dimensional motion or motion in a plane. This plane may be horizontal, 
inclined or vertical. But in most of the cases, this plane is horizontal. In circular motion, direction of 
velocity continuously keeps on changing. Therefore, even though speed is constant and velocity 
keeps on changing. So body is accelerated. Later we will see that this is a variable acceleration. So, 
we cannot apply the equations v =u + aż etc. directly. 


10.2 Kinematics of Circular Motion 
Velocity 


In circular motion, a particle has two velocities : 
(i) Angular velocity 
(ii) Linear velocity 


Angular Velocity 
Suppose a particle P is moving in a circle of radius r and centre O. 
The position of the particle P at a given instant may be described by the angle 
0 between OP and OX. This angle 0 is called the angular position of the 
particle. As the particle moves on the circle its angular position 0 changes. 
Suppose the point rotates an angle A0 in time At. The rate of change of angular 
position is known as the angular velocity (œ). Thus, 
A0 dð 
= lim —=— 
At>0 At dt 


(Q) 


Fig. 10.1 


Here, œ is the angular speed or magnitude of angular velocity. Angular velocity is a vector quantity. 
Direction of is perpendicular to plane of circle and given by screw law. 


(a) (b) 
Fig. 10.2 
In the Fig. 10.2 (a), when the particle is rotating clockwise, direction of @ is perpendicular to paper 
inwards or in ® direction. 
In Fig. 10.2 (b), when the particle is rotating in anticlockwise direction, direction of @ is 
perpendicular to paper outwards or in © direction. 


: MONE ds dr 
Linear velocity is as usual, v=— or — 
dt dt 
Magnitude of linear velocity is called linear speed v. Thus, 
ds dr 
v=|v|=|— or — 
dt dt 
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Relation between Linear Speed and Angular Speed 
In the Fig. 10.1, linear distance PP’ travelled by the particle in time At is 


As = rA@ 
i As 7 A0 
or lim —-r lim — 
At > 0 At At — 0 At 
ds dO 
or —=r— Qr v=ro 
dt dt 
Acceleration 


Like the velocity, a particle in circular motion has two accelerations: 
(i) Angular acceleration 
(ii) Linear acceleration 
The rate of change of angular velocity is called the angular acceleration (). 


do d'é 


Thus, Q2—- 
dt dt? 


Angular acceleration is also a vector quantity. Direction of & is also perpendicular to plane of circle, 
either parallel or antiparallel to œ. If angular speed of the particle is increasing, then a is parallel to œ 
and if angular speed is decreasing, then a is antiparallel to œ. Angular acceleration is zero if angular 
speed (or angular velocity) is constant. 


In circular motion, linear speed of the particle may or may not be constant but direction of linear 
velocity continuously keeps on changing. So, velocity is continuously changing. Therefore, 
acceleration cannot be zero. But of course we can resolve the linear acceleration into two 
components: 

(i) tangential acceleration (a, ) 

(ii) radial or centripetal acceleration (a, ) 


Component of linear acceleration in tangential direction is called tangential acceleration (a, ). This 
component is responsible for change in linear speed. This is the rate of change of speed. Thus, 
E d|v| 


a, =—= 
dt dt 

If speed of the particle is constant, then a, is zero. If speed is increasing, then this is positive and in the 

direction of linear velocity. If speed is decreasing, then this component is negative and in the 

opposite direction of linear velocity. 

Tangential component of the linear acceleration and angular acceleration have following relation: 
dv d(r®) do 

= = = T 


‘dt at dt 


do 
r (as di ) 


a,=ra 
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Component of linear acceleration in radial direction (towards centre) is called radial or centripetal 
acceleration. This component is responsible for change in direction of linear velocity. So, this 
component can never be zero, as the direction continuously keeps on changing. Value of this 
component is 


y 
a, =—=ro" (as v2rQ) 
r 
These two components are mutually perpendicular. So, the net linear acceleration is E 
the vector sum of these two, as shown in figure. : | 
a=y a? +a ‘ = 
d c ee 


Or a= (ra)? t(ro?)? Fig. 10.3 


and tang = or 0-tan! (2) 
a, a, 
Three Types of Circular Motion 
For better understanding, we can classify the circular motion in following three 
types: 
(i) Uniform circular motion in which v and o are constant. 


In this motion, 


vor|v|2 constant = a,=0 — =constant > a=0 
ye 0 = 90° 
2 


-—-rQ i 
ar Fig. 10.4 


a=a 


a is towards centre, v is tangential and according to the shown figure, @ is perpendicular to paper 
inwards or in ® direction. 


a 
(ii) Accelerated circular motion in which v and o are increasing. So, a, is in EVE - v 
the direction of v and æ is in the direction of œ. i 
In the figure shown, & and œ both are perpendicular to paper inwards. 
Further, 
a=] a? +a : 
a 0 is acute 
and tan0 =— Fig. 10.5 
a, 
pes : ——-— : : sai at; v 
(iii) Retarded circular motion in which v and œ are decreasing. So, a, is inthe — | Z 
opposite direction of v and & is in the opposite direction of œ. ai 
In the figure shown, œ is perpendicular to paper inwards in ® direction and 
& is perpendicular to paper outwards in © direction. 
Note In the above figures, 0 is the angle between v and a. 0 is obtuse 


Fig. 10.6 
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© Extra Points to Remember 
e Relation between angular velocity vector œ, velocity vector v and position vector of the particle with respect 
to centre r is given by 
v-Oxr 
e Incircular motion, if angular acceleration a is constant then we can apply the following equations directly: 


O=0,+0t => e^ =05+200and O= ag + Dat? 


Here, œ is the initial angular velocity and œ, the angular velocity at time t. Similarly, 8 is the angle rotated by 
position vector of the particle (with respect to centre). 

e |f angular acceleration is not constant, then we will have to take help of differentiation or integration. The 
basic equations are 


ee and pa ae 
at at do 


[de = [ eat, [do = faat and [edo = [aoe 


© Example 10.1 A particle moves in a circle of radius 0.5 m at a speed that 
uniformly increases. Find the angular acceleration of particle if its speed 
changes from 2.0 m/s to 4.0 m/s in 4.0 s. 


Solution The tangential acceleration of the particle is 


ds dv | 40-20 0.5 m/s2? 
dt 4.0 
i : a, 0.5 2 
The angular acceleration is a=—= as = | rad/s Ans. 
r : 


© Example 10.2 The speed of a particle moving in a circle of radius r =2 m 
varies with time t as v = t, where t is in second and v in m/s. Find the radial, 


tangential and net acceleration at t — 2s. 


Solution Linear speed of particle at t = 2s is 


v= (2° =4 m/s 
a Gy 2 
*. Radial acceleration a, =—= 3m 8 m/s 
r 


; E d 
The tangential acceleration is a, — P" = 2t 
t 
“~ Tangential acceleration at t = 2s is 
a, 2 (2) 2) 2 4 m/s? 
«~ Net acceleration of particle at t = 2s is 


a- (a, Y. * (a, - (8? - (4. or a- J80 ms? 


Note On any curved path (not necessarily a circular one) the acceleration of the particle has two components a, 
and a, in two mutually perpendicular directions. Component of a along v is a, and perpendicular to v is a,,. 


Thus, 
|a| =./a? + a? 
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© Example 10.3 In circular motion, what are the possible values (zero, positive 
or negative) of the following : 
(a) o: v (b) v-a (c) o- 
Solution (a) v lies in the plane of circle and @ is always perpendicular to this plane. 
vlo (always) 
Hence, œ- vis always zero. 


(b) vand a both lie in the plane of circle and the angle between these two vectors may be acute 
(when speed is increasing) obtuse (when speed is decreasing) or 90? (when speed is 
constant). 


Hence, v- a may be positive, negative or zero. 


(c) œ and a. are either parallel (0 = 0? between œ and o) or antiparallel (0 = 180?). In uniform 
circular motion, a has zero magnitude. Hence, œ-œ may be positive, negative or zero. 


INTRODUCTORY EXERCISE 


1. Is the acceleration of a particle in uniform circular motion constant or variable? 


2. Which of the following quantities may remain constant during the motion of an object along a 
curved path? 


(i) Velocity (ii) Speed (iii) Acceleration (iv) Magnitude of acceleration 
3. A particle moves in a circle of radius 1.0 cm with a speed given byv - 2t, where vis in cm/s and t 
in seconds. 


(a) Find the radial acceleration of the particle att = 1s. 
(b) Find the tangential acceleration att = 1s. 
(c) Find the magnitude of net acceleration att = 1s. 


4. A particle is moving with a constant speed in a circular path. Find the ratio of average velocity to 


its instantaneous velocity when the particle rotates an angle 0 = (5). 


5. A particle is moving with a constant angular acceleration of 4 rad/s? in a circular path. At time 
t 2 0, particle was at rest. Find the time at which the magnitudes of centripetal acceleration and 
tangential acceleration are equal. 

6. A particle rotates in a circular path of radius 54 m with varying speed v = 4t?. Here v is in m/s and 
t in second. Find angle between velocity and acceleration att —3 s. 

7. Figure shows the total acceleration and velocity of a particle 
moving clockwise in a circle of radius 2.5 m at a given instant of "i 
time. At this instant, find : 

(a) the radial acceleration, 
(b) the speed of the particle and 
(c) its tangential acceleration. a= 25 m/s? 
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10.3 Dynamics of Circular Motion 


In the above article, we have learnt that linear acceleration of a particle in circular motion has two 
components, tangential and radial (or centripetal). So, normally we resolve the forces acting on the 
particle in two directions: 


(1) tangential 
(ii) radial 
In tangential direction, net force on the particle is ma, and in radial direction net force is ma... 


In uniform circular motion, tangential acceleration is zero. Hence, net force in tangential direction is 
zero and in radial direction 


2 
Y 2 
F aet =Ma, = -mrQ 
i 
2 
y 2 
as, a, =—=ro 
r 


This net force (towards centre) is also called centripetal force. 
In most of the cases plane of our uniform circular motion will be horizontal and one of the tangent is 
in vertical direction also. So, in this case we resolve the forces in: 

(i) horizontal radial direction 

(ii) vertical tangential direction 


In vertical tangential direction net force is zero (a, =0) and in horizontal radial direction (towards 
2 


or mr o»? x 


centre) net force is 
" 


2 
. mv . l . . 
Note Centripetal force — or mr a (towards centre) does not act on the particle but this much force is required 
r 


to the particle for rotating in a circle (as it is accelerated due to change in direction of velocity). The real 
forces acting on the particle provide this centripetal force or we can say that vector sum of all the forces 


: hops mv ; ; ; ; 
acting on the particle is equal to —— or mr «* (in case of uniform circular motion). The real forces acting 
r 


on the particle may be, friction force, weight, normal reaction, tension etc. 


Conical Pendulum 


If a small particle of mass m tied to a string is whirled in a horizontal 
circle, as shown in Fig.10.8. The arrangement is called the ‘conical 
pendulum’. In case of conical pendulum, the vertical component of 
tension balances the weight in tangential direction, while its horizontal 
component provides the necessary centripetal force in radial direction : 


(towards centre). Thus, 


2 
mv 


T sin 0 = 


r 


and T cos 0 = mg ...(ii) 
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From these two equations, we can find 


— rg tan O 


y 
| tan 0 
-. Angular speed Q= ve 
r r 

So, the time period of pendulum is 

20 Lcos0 : 

T =— =27 "—=2n als (as r=Lsin 0) 
oO g tan O g 
L 
or T =20 ast 
S 


Motion of a Particle Inside a Smooth Cone 


A particle of mass ‘m’ is rotating inside a smooth cone 


] i N cos 6 
in horizontal circle of radius ‘r’ as shown in figure. 
constant speed of the particle is suppose ‘v’. N sin 0 
Only two forces are acting on the particle in the shown 
directions: mg 


(i) normal reaction N 
(ii) weight mg Fig. 10.9 
We have resolved these two forces in vertical 

tangential direction and horizontal radial direction. In vertical tangential direction, 


net force is zero. 


N cos0- mg 
2 
: "EM . mv 
In horizontal radial direction (towards centre), net force is 
r 
2 
. mv 
N sin0- 
r 


‘Death Well’ or Rotor 


In case of ‘death well’ a person drives a bicycle on a vertical 
surface of a large wooden well while in case of a rotor, at a nid 
certain angular speed of rotor a person hangs resting against the — | 

wall without any support from the bottom. In death well walls En 7 > 
are at rest and person revolves while in case of rotor person is at eee 
rest and the walls rotate. C---- -D 


In both cases, friction force balances the weight of person while 


: : : : ME (A) (B) 
reaction provides the centripetal force for circular motion, i.e. 


Death well Rotor 
2 Fig. 10.10 

mv 
f=mg and N= r = mro’? (v=ro) 
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A Cyclist Bends Towards Centre on a Circular Path 
In the figure, F is the resultant of N and f. 


F-4N? «f? 


When the cyclist is inclined to the centre ofthe 


rounding of its path, the resultant of N, f and E 

mg is directed horizontally to the centre of the 

circular path of the cycle. This resultant force 

imparts a centripetal acceleration to the Fig. 10.11 


cyclist. 


Resultant of N and f, i.e. F should pass through G, the centre of gravity of cyclist (for complete 


equilibrium, rotational as well as translational). Hence, 
2 
mv 
tan 0 =£, where f =—— and N = mg 
5g 


2 


tan 0 E. 
rg 


Circular Turning of Roads 


When vehicles go through turnings, they travel along a nearly circular arc. There must be some force 
which will provide the required centripetal acceleration. If the vehicles travel in a horizontal circular 
path, this resultant force is also horizontal. The necessary centripetal force is being provided to the 
vehicles by following three ways: 

1. By friction only. 

2. By banking of roads only. 

3. By friction and banking of roads both. 

In real life, the necessary centripetal force is provided by friction and banking of roads both. Now, let us 
write equations of motion in each of the three cases separately and see what are the constraints in each 
case. 


1. By Friction Only 


Suppose a car of mass m is moving at a speed v in a horizontal circular arc of radius r. In this case, the 
necessary centripetal force to the car will be provided by force of friction f'acting towards centre. 


Thus, J= mv 

r 
Further, limiting value of fis uN. 
or f, =UN 2 umg (N = mg) 
Therefore, for a safe turn without sliding 

my? mv? 
Sf, or —— €umg 
r r 
y? 

or u2— or v<yurg 
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Here, two situations may arise. If and r are known to us, the speed ofthe vehicle should not exceed 
2 


. : aye y 
urg and if v and r are known to us, the coefficient of friction should be greater than —. 
rg 
Note You might have seen that if the speed of the car is too high, car starts skidding outwards. With this, radius of 
the circle increases or the necessary centripetal force is reduced (centripetal force « 1 Je 


2. By Banking of Roads Only 


Friction is not always reliable at circular turns if high speeds and sharp turns 
are involved. To avoid dependence on friction, the roads are banked at the 
turn so that the outer part of the road is some what lifted compared to the 
inner part. 


Applying Newton’s second law along the radius and the first law in the 


vertical direction. 
2 


; mv . 
Nsin0- (i) 
r 
and N cos 0 = mg ..-(ii) Fig. 10.12 
From these two equations, we get 
2 
y 
tan6=— or v- Jre tan 0 
rg 


Note This is the speed at which car does not slide down even if track is smooth. If track is smooth and speed is less 
than jrg tan 0, vehicle will move down so that r gets decreased and if speed is more than this vehicle will 


move up. 


3. By Friction and Banking of Road Both 


Ifa vehicle is moving on a circular road which is rough and banked also, then three forces may act on 
the vehicle of these the first force, i.e. weight (mg) is fixed both in magnitude and direction. The 
direction of second force, i.e. normal reaction N is also fixed (perpendicular to the road) while the 
direction of the third force, i.e. friction f can be either inwards or outwards, while its magnitude can 
be varied from zero to a maximum limit (f; =uN ). So, the magnitude of normal reaction N and 


direction plus magnitude of friction f are so adjusted that the resultant of the three forces mentioned 
2 


. MV 
above is 
r 


direction plus magnitude of friction mainly depend on the speed of the vehicle v. Although situation 
varies from problem to problem yet, we can see that 


towards the centre. Of these m and r are also constant. Therefore, magnitude of N and 


(i) Friction f is upwards if the vehicle is at rest or v — 0. 
Because in this case the component of weight mg sin 0 is balanced by f. 
(ii) Friction f is downwards if v»rg tan 8 


(iii) Friction f is upwards if v< rg tan 0 
(iv) Friction f is zero if v= rg tan 0 
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Let us now see how the force of friction and normal reaction change as speed is gradually increased. 


Ncos 6+ fsin8 Ncos 6+ fsin8 
N 


Fig. 10.13 
InFig.(a) When the caris at rest force of friction is upwards. We can resolve the forces in any two 
mutually perpendicular directions. Let us resolve them in horizontal and vertical directions. 
YF, =0 -. Nsin0- f cos0z0 ... (1) 
LF, =0 -. Ncos0+ f sin 0 = mg ...(I1) 


m : mv’ "T 
In Fig. (b) Now, the car is given a small speed v, so that a centripetal force —— is now required in 
r 


horizontal direction towards centre. So, Eq. (i) will now become, 
2 


N sin 0 — f cos 0 = — 
4 2 


or we can say that in first case N sin 0 and f cos 0 are equal while in second case their difference is : 
r 


This can occur in following three ways: 
(i) N increases while f remains same. 
(ii) N remains same while f decreases or 
(iii) N increases and f decreases. 
But only third case is possible, i.e. M will increase and f will decrease. This is because Eq. (ii), 
N cos 0 + f sin 0 = mg = constant is still has to be valid. 
So, to keep N cos 0 + f sin Oto be constant N should increase and fshould decrease (as0 = constant). 


Now, as speed goes on increasing, force of friction first decreases. Becomes zero at v = Jrg tan 0 and 


then starts acting in downward direction, so that its horizontal component f cos 0 with N sin 0 now 
provides the required centripetal force. 


© Example 10.4 A small block of mass 100 g moves with uniform speed in a 
horizontal circular groove, with vertical side walls of radius 25 cm. If the block 
takes 2.0 s to complete one round, find the normal constant force by the side 
wall of the groove. 

Solution The speed of the block is 
= 2n x (25cm) 
2.0s 


= 0.785 m/s 


The acceleration of the block is 
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towards the centre. The only force in this direction is the normal contact force due to the side 
walls. Thus, from Newton's second law, this force is 


N = ma = (0.100 kg (2.464 m/s? ) = 0.246 N Ans. 


Example 10.5 A fighter plane is pulling out for a dive at a speed of 900 km/h. 
Assuming its path to be a vertical circle of radius 2000 m and its mass to be 
16000 kg, find the force exerted by the air on it at the lowest point. 

Take, g 29.8 m/s". 


Solution At the lowest point in the path, the acceleration is vertically upward (towards the 
centre) and its magnitude is y? /r. 
The forces on the plane are : 
(a) weight Mg downward and 
(b) force F by the air upward. 
Hence, Newton's second law of motion gives 
F-Mg- Mv)|r or F=M(g+v’/r) 


3 
on m/s = 250 m/s 


Here, v= 900 km/h = 


F =16000} 9.8+ oem) 
2000 


jn- 6.56x 10° N (upward). 


Example 10.6 Three particles, each of mass m are situated at the vertices of 
an equilateral triangle of side a. The only forces acting on the particles are their 
mutual gravitational forces. It is desired that each particle moves in a circle 
while maintaining the original mutual separation a. Find the initial velocity 
that should be given to each particle and also the time period of the circular 


Gmm 
motion. | F = — 
r 
Solution r= 2 sec 30° = 4 
_ Gmm 
— 2 
a 
Gmm 
Pug J3F = 2 (3) 
a 
This will provide the necessary centripetal force. 
mv? NE Gm? my? NES Gm? Fig. 10.14 
= or = 5 
r a? (a/ 43) a 
=> y= Gm Ans 
a 


2nr 27 (a/43) 4 a? 


v JGmía 3Gm 


T= 
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© Example 10.7 (a) How many revolutions per minute must the apparatus 
shown in figure make about a vertical axis so that the cord makes an angle of 
45° with the vertical? 


a 


Fig. 10.15 
(b) What is the tension in the cord then? Given, l = /2 m,a = 20 cmand m= 5.0 kg? 


Solution (a) r=a+/sin 45° = (0.2) + (V2) EJ -12m 


Now, T cos 45? 2 mg .. (1) 
and T sin 45° = mro? . (il) 


From Eqs. (i) and (11), we have @ = 2nt = E 
r 
1 jg 60 [9.8 
n- = m =27.3rpm Ans. 
2x m 2m V1.2 "m T 
(b) From Eq. (i), we have T = V2 mg = (V2) (5.0) (9.8) 
=69.3 N Ans. 


© Example 10.8 A turn of radius 20 m is banked for the vehicle of mass 200 kg 
going at a speed of 10 m/s. Find the direction and magnitude of frictional force 
acting on a vehicle if it moves with a speed 
(a)5 m/s 
(b) 15 m/s. 
Assume that friction is sufficient to prevent slipping. (g = 10 m/s?) 
Solution (a) The turn is banked for speed v= 10 m/s 

2 2 
Therefore, tang 2. = SU E 
rg (20/10) 2 


Now, as the speed is decreased, force of friction facts 
upwards. 


2 Fig. 10.16 
Using the equations LF, = 
r 
and LF’, = 0, we get 
my? 


N sin 0— f cos 0 = 


EGN) 


r 
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N cos 0 + f sin 02 mg ...(I1) 


Substituting, 0 — tan! 6 ,v=5 m/s, m= 200kg and r= 20 m, in the above equations, 


we get f = 300 J5N (upwards) 
(b) In the second case force of friction f will act downwards. N 2 
2 
Using XE = My: - -5 
r 
and LF’, =0, we get 
2 ; 
: ous Fig. 10.17 
N sin0 + f cos 0 = Em ...(Ii1) g 
r 
N cos 0 — f sin 0 = mg (iv) 
Substituting 0 = tan! 6 ,v=15m/s, m= 200 kg 
and r= 20min the above equations, we get 
f =500V5N (downwards) 


INTRODUCTORY EXERCISE 


1. A turn has a radius of 10 m. If a vehicle goes round it at an average speed of 18 km/h, what 
should be the proper angle of banking? 


2. If the road of the previous problem is horizontal (no banking), what should be the minimum 
friction coefficient so that a scooter going at 18 km/h does not skid? 

3. A circular road of radius 50 m has the angle of banking equal to 30°. At what speed should a 
vehicle go on this road so that the friction is not used? 

4. Is a body in uniform circular motion in equilibrium? 

5. Acar driver going at speed v suddenly finds a wide wall at a distance r. Should he apply brakes 
or turn the car in a circle of radius r to avoid hitting the wall. 


6. A 4 kg block is attached to a vertical rod by means of two strings of 
equal length. When the system rotates about the axis of the rod, the 
strings are extended as shown in figure. 


(a) How many revolutions per minute must the system make in order 
for the tension in the upper string to be 200 N? 


(b) What is the tension in the lower string then? Fig. 10.18 


7. A car moves at a constant speed on a straight but hilly road. One section has a crest and dip of 

the same 250 m radius. 

(a) As the car passes over the crest the normal force on the car is one half the 16 kN weight of 
the car. What will be the normal force on the car as its passes through the bottom of the dip? 

(b) What is the greatest speed at which the car can move without leaving the road at the top of 
the hill? 

(c) Moving at a speed found in part (b) what will be the normal force on the car as it moves 
through the bottom of the dip? (Take, g — 10 m/s?) 
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10.4 Centrifugal Force 


Newton’s laws are valid only in inertial frames. In non-inertial frames a pseudo force —ma has to be 
applied. (a= acceleration of frame of reference). After applying the pseudo force one can apply 
Newton’s laws in their usual form. Now, suppose a frame of reference is rotating with constant 
angular velocity @ in a circle of radius ‘r’. Then, it will become a non-inertial frame of acceleration 
rœ? towards the centre. Now, if we observe an object of mass ‘m’ from this frame then a pseudo force 
of magnitude mro? will have to be applied to this object in a direction away from the centre. This 
pseudo force is called the centrifugal force. After applying this force we can now apply Newton's 
laws in their usual form. Following examples will illustrate the concept more clearly: 


6 Example 10.9 A particle of mass m is placed over a horizontal circular table 
rotating with an angular velocity œ about a vertical axis passing through its 
centre. The distance of the object from the axis is r. Find the force of friction f 
between the particle and the table. 


Solution Let us solve this problem from both frames. The one is a frame fixed on ground and 
the other is a frame fixed on table itself. 


® N 


N = normal reaction 


f 


f = force of friction 


mg 


Fig. 10.19 


From Frame of Reference Fixed on Ground (Inertial) 
Here, N will balance its weight and the force of friction f will provide the necessary centripetal force. 
Thus, f 2 mro? Ans. 


From Frame of Reference Fixed on Table Itself (Non-inertial) " 
In the free body diagram of particle with respect to table, in 
addition to above three forces (N, mg and f ) a pseudo force of | 
magnitude mro? will have to be applied in a direction away f<—\) Pseudo force = mro? 
from the centre. But one thing should be clear that in this frame | 
the particle is in equilibrium, i.e. N will balance its weight in 
vertical direction while f will balance the pseudo force in mg 
horizontal direction. Fig. 10.20 


or f= mra? Ans. 


Thus, we see that f comes out to be mro? from both the frames. 
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© Example 10.10 Two blocks A and B of masses 0 -2m/s 
1 kg and 3 kg are attached with two massless E 
strings as shown in figure. The system is kept over ' 
a smooth table and it is rotated about the axis NET i 

shown in figure with constant angular speed i A E 


@=2rad/s. 
Find direction and magnitude of centrifugal force on 
(a) A as observed by B 


(b) B as observed by A es 
Solution (a) Acceleration of B, 
ap = ro? =(2) (2)? =8 m/s? (towards centre) 
Mass of A m,-lkg. 
.. Centrifugal force (or pseudo force) on A, 
F,-m,4ag =(1)(8)=8N Ans. 
Direction of this force is in the opposite direction of a5. Therefore, direction of F} is radially 
outwards. 
(b) Acceleration of A, a, -r,0? = (1 (27 =4 m/s? (towards centre) 
Mass of B, mg =3kg 
-. Centrifugal force on B, 


F; =mga, =(3)(4)=12N Ans. 


Direction of F, is also radially outwards. 


10.5 Motion in a Vertical Circle 


Suppose a particle of mass m is attached to an inextensible light string of length R. The particle is 
moving in a vertical circle of radius R about a fixed point O. It is imparted a velocity u in horizontal 
direction at lowest point A. Let v be its velocity at point B of the circle as shown in figure. Here, 


u "9 sin 0 
Fig. 10.22 
h= R(1—cos0) ...(1) 
From conservation of mechanical energy 
1 
3 m(u? -v?)- mgh 


or v? =u? -2gh ... (ii) 
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The necessary centripetal force is provided by the resultant of tension T and mg cos 0 
2 


T — mg cos 0 = ...(iii) 
R 
Now, following three conditions arise depending on the value of u. 


Condition of Looping the Loop (u>./5gR) 


The particle will complete the circle if the string does not slack even at the highest point (0 = x). 
Thus, tension in the string should be greater than or equal to zero (T 20) at 0 = . In critical case 
substituting T — 0 and 0 = 7 in Eq. (iii), we get 

2 


BEES 2 3) = s : 
mg = BUS Or Van =ZR or Vin =VER (at highest point) 
Substituting 0 = x in Eq. (1), h=2R 
Therefore, from Eq. (ii), we have 
us = P +2gh 
or UŽin =gR +2g(2R)=5 gR 


or Umin “NIER 


Thus, if u2 J5gR, the particle will complete the circle. At 


u — 45gR , velocity at highest point is v = VgR and tension in the a 

string is zero. 

Substituting 0 = 0? and v = J5gR in Eq. (iii), we get T =6 mg or in 

the critical condition tension in the string at lowest position is 

6 mg. This is shown in Fig. 10.23. DC, umn = /59R 

Ifu« 5gR , following two cases are possible T=6 mg 
Fig. 10.23 


Condition of Leaving the Circle (/2gR <u « J5gR) 


If u « J5gR, the tension in the string will become zero before reaching the highest point. From 


Eq. (iii), tension in the string becomes zero (T =0) 


2 2 
E Ach — 
where, cos0 = a or cos0- uini 
Rg Rg 
Substituting this value of cos 0 in Eq. (1), we get 
2gh — i? h 2 4R 
mee M el-- or ds — -h (say) ... (v) 
Rg R 3g 


or we can say that at height /, tension in the string becomes zero. Further, if u < ./5gR, velocity of the 


particle becomes zero when 
2 


0-u!-2gh or apr (say) NO 


i.e. at height h, velocity of particle becomes zero. 


446 © Mechanics - I 


Now, the particle will leave the circle if tension in the string becomes zero but velocity is not zero or 
T =0 but v 40. This is possible only when 


2 2 
+R 
ut +Rg we 
3g Ag 
or Qu? +2Rg <3u? or u’ >2Rg or u»42Rg 


h «h, or 


Therefore, if J2gR <u<./5gR, the particle leaves the circle. 


From Eq. (iv), we can see that A >R if u > 2gR. Thus, the particle will 


leave the circle when A> R or 90? «0 <180°. This situation is shown in 
the Fig. 10.24. 


J42gR «u«45gR or 90°<0<180° 


Note After leaving the circle, the particle will follow a parabolic path as the particle 
comes under gravity. 


Condition of Oscillation (O <u<./29R) 


The particle will oscillate, if velocity of the particle becomes zero but tension in the string is not zero. 
or v =0, but T #0. This is possible when 


Fig. 10.24 


hy <h 
or 3u? <2u* +2Rg 
or u? <2Rg 
or u <J 2Rg 


Moreover, if h = fy, u=./2Rg and tension and velocity both becomes zero simultaneously. 


Further, from Eq. (iv), we can see that A < R ifu € J2Rg. Thus, for0 < u € J2gR , particle oscillates in 
lower half of the circle (0° « 0 x 90? ). 
This situation is shown in the figure. 


Fig. 10.25 


O«uX42gR or 0?«0x90? 


Note The above three conditions have been derived for a particle moving in a vertical circle attached to a string. 
The same conditions apply, if a particle moves inside a smooth spherical shell of radius R. The only 
difference is that the tension is replaced by the normal reaction N. 
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Condition of Looping the Loop is u2 4/5 gR 


u= N5gR, N-6 mg 
Fig. 10.26 


Condition of Leaving the Circle is /29R < u<./5gR 


N=0 
v#0 
h>R 
Fig. 10.27 
Condition of Oscillation is 0< u<./29R 
v=0, N#04 
h<R 
x 
Fig. 10.28 


6 Example 10.11 A stone tied to a string of length L is whirled in a vertical 
circle with the other end of the string at the centre. At a certain instant of time 
the stone is at it lowest position and has a speed u. Find the magnitude of the 
change in its velocity as it reaches a position, where the string is horizontal. 


Solution v= Ju? — 2gh = Ju? — 2gL 
[Av|=|v; wl 


- NE +u’ — 2v: u cos 90° 
-A(2 —-2gL) x u? 
-ha IG P ab) aae Fig. 10.29 
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© Example 10.12 With what minimum speed v must a small ball should be 
pushed inside a smooth vertical tube from a height h so that it may reach the 
top of the tube? Radius of the tube is R. 


(2R- h) ed 


> 
<> |« — — —- 


d««H 
Fig. 10.30 


Solution v, =v? — 2g QR - h) 


To just complete the vertical circle vip may be zero. 


E 0-4 v? - 2g (2R - h) 
Or v-J2g QR — h) Ans. 


© Example 10.13 A particle is suspended from a fixed point by a string of 
length 5 m. It is projected from the equilibrium position with such a velocity 
that the string slackens after the particle has reached a height 8 m above the 
lowest point. Find the velocity of the particle, just before the string slackens. 
Find also, to what height the particle can rise further? 


Solution At P, 


T=0 
mv? 
mg cos 0 = 
i R 
y2 
or cos 02 — 
S R 
2 
or eak) => 
5) 5 Fig. 10.31 
v= 5.42 m/s Ans. 


After point P motion is projectile 
v? sin? @ (5.42)? (4/5) 
^ — 2g 2x938 
= 0.96 m Ans. 


h 


© Example 10.14 A heavy particle hanging from a fixed point by a light 
inextensible string of length l is projected horizontally with speed Jel. Find the 
speed of the particle and the inclination of the string to the vertical at the 
instant of the motion when the tension in the string is equal to the weight of the 
particle. 
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Solution Let T = mg at angle 0 as shown in figure. 
h=I(1—cos 0) ...() 


Applying conservation of mechanical energy between points 
A and B, we get 


gj ma? =y )2 mgh 


mg cos 0 


mg sin 0 


Here, u? = gl ... (ii) A" u-Ngi 
and v= speed of particle in position B Fig. 10.32 
v? =u? - 2gh ...(iii) 
2 2 
Further, T —mgcos0- E or mg —mgcos0- a (T=mg) 
or v? = gl(1— cos 0) ...(iv) 
Substituting values of v? u? and h from Eqs. (iv), (ii) and (1) in Eq. (iii), we get 
gl(l— cos 0)= gi -2gl(1— cos0) or cos0- z or 0-cos! () 
Tem 2. : 
Substituting cos 0 — E in Eq. (1v), we get 
l 
= |E Ans. 
3 
INTRODUCTORY EXERCISE 
1. In the figure shown in Fig. 10.33, a bob attached with a light string of radius 
R is given an initial velocity u =./4 gR at the bottommost point. 
(a) At what height string will slack. R 
(b) What is velocity of the bob just before slacking of string. 
2. In the above question, ifu 2 JgR then 
d 2 u=v4gR 


(a) after rotating an angle 0, velocity of the bob becomes zero. Find the 


value of 0. 


Fig. 10.33 


(b) If mass of the bob is ‘m’ then whatis the tension in the string when velocity becomes zero? 


3. In question number-1, ifu 2/7 gR then 


(a) What is the velocity at topmost point ? 
(b) What is tension at the topmost point ? 
(c) What is tension at the bottommost point ? 

4. A bob is suspended from a crane by a cable of length 
| 25 m. The crane and load are moving at a constant 
speed vy. The crane is stopped by a bumper and the bob 
on the cable swings out an angle of 60°. Find the initial 
speed Vy. (g = 98 m/s?) 


Vo 


Fig. 10.34 
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Final Touch Points 


1. 


. Oscillation of a pendulum is the part of a vertical circular motion. At point A and C 


In general, in any curvilinear motion direction of instantaneous velocity is tangential to the path, while 
acceleration may have any direction. If we resolve the acceleration in two normal directions, one 


parallel to velocity and another perpendicular to velocity, the first component is a, while the other is a, 
a 


Thus, a, = component ofa along v =acos@= BUM 
V 
= av = alvi = rate of change of speed 
dt dt 


and a, = component of a perpendicular to v =a sin 0 = Ja? — a? = v?/R 


Here, v is the speed of particle at that instant and R is called the radius of curvature to the curvilinear 
path at that point. 


. Ina; 2 acos8, if@is acute, a, will be positive and speed will increase. If 0 is obtuse a, will be negative 


and speed will decrease. If 0 is 905, a, is zero and speed will remain constant. 


. If a particle of mass m is connected to a light rod and whirled in a vertical circle of radius H, then to 


complete the circle, the minimum velocity of the particle at the bottommost point is not ./5 gR. 
Because in this case, velocity of the particle at the topmost point can be zero also. Using 
conservation of mechanical energy between points A and B as shown in figure (a), we get 


Qr € 


u2 2 NgR u>2VgR d<<R 
(a) (b) 
imu - v?) 2 mgh or imf - mg (2R) (asv = 0) 


u 2 24gR 
Therefore; the minimum value of u in this case is 2/gR. 


Same is the case when a particle is compelled to move inside a smooth vertical tube as shown in 
figure (b). 


since velocity is zero, net centripetal force will be zero. Only tangential force is 
present. From A and B or C to B speed of the bob increases. Therefore, tangential 
force is parallel to velocity. From B to A or B to C speed of the bob decreases. 
Hence, tangential force is antiparallel to velocity. 


Op 
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5. In circular motion, acceleration of the particle has two components 
' 1 ; dv 
(i) tangential acceleration a, = di = Ro, 
v? 
(ii) normal or radial acceleration a, = m^ Fio? 
a, and a, are two perpendicular components of a. Hence, we can write a = Ja? + a? 


Since, circular motion, is a 2-D motion we can write 


= 2 2 2.2 2 
Here, vzQvk tv, or v^zvytvy 


6. Condition of toppling of a vehicle on circular tracks 


While moving in a circular track normal reaction on the outer wheels (N,) is 
more than the normal reaction on inner wheels (N,). 


or N >N, 
This can be proved as below. 

Distance between two wheels = 2a 

Height of centre of gravity of car from road = h 

For translational equilibrium of car 


N +N, 2 mg aD 
and f= mv? ...(ii) 
r 
and for rotational equilibrium of car, net torque about centre of gravity should be zero. 
or N,(a) = No(a) + f(h) .. (iii) 
From Eq. (iii), we can see that 


or No <N; 

From Eq. (iv), we see that N, decreases as v is increased. 

In critical case, Nz =0 

and N, =mg [From Eq. (i)] 
2 N,(a) = f(h) [From Eq. (iii)] 
or imaya)= (| (h) or v=% 


Now, if v > jp , N, < 0, and the car topples outwards. 
h 


Therefore, for a safe turn without toppling v < = 


7. From the above discussion, we can conclude that while taking a turn on a level road there are two 
critical speeds, one is the maximum speed for sliding (= yurg ) and another is maximum speed for 


toppling Hg. One should keep ones car's speed less than both for neither to slide nor to 


overturn. 
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8. Motion of a ball over a smooth solid sphere 
Suppose a small ball of mass mis given a velocity v 
over the top of a smooth sphere of radius R. The v 
equation of motion for the ball at the topmost point 
will be 


mv? mv? 


a aa or N=mg -—— 


From this equation, we see that the value of N 
decreases as v increases. Minimum value of N can (a) (b) 


be zero. Hence, 
2 


0- mg - rax Of Vmax = Hg 


So, ball will lose contact with the sphere right from the beginning if velocity of the ball at topmost point 
v » 4Rg. |f v « 4Rg it will lose contact after moving certain distance over the sphere. Now, let us find the 
angle 0 where the ball loses contact with the sphere if velocity at topmost point is just zero. Fig. (b) 


h = R(1- cos 9) sa) 
v? = 2gh ...(ii) 
mg cos o = 2 (as N=0) .. (iii) 


Solving Eas. (i), (ii) and (iii), we get 
Ə = cos™! (5) = 48.2? 
3 


Thus, the ball can move on the sphere maximum upto 0 = cos ' (=) ; 


Exercise : Find angle 0 where the ball will lose contact with the sphere, if velocity at topmost point is 
Vmax = vgR 
2 2 


Ans. 0-2 cos"! B = 41.4° 


U= 


Hint: Only Eq. (ii) will change as, 
v? 2 u? + 2gh (u #0) 
9. In the following two figures, surface is smooth. So, only two forces N and mg are acting. But direction 
of acceleration are different. 


a = v^IR 
(b) 


Net force perpendicular to acceleration should be zero. So, in the first figure. 
N=mg cos0 
and in the second figure, N cos 0 2mg 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on vertical circular motion 


Concept 


(i) Vertical circular motion is a non-uniform circular motion in which speed of the particle 
continuously keeps on changing. Therefore, a, and a, both are there. In moving 
upwards, speed decreases. So, a, is in opposite direction of velocity. In moving 
downwards, speed increases. So, a, is in the direction of velocity. 

Gi) In circular motion normally, we resolve the forces in two directions, radial and 
tangential. 

Here only two forces act on the particle, tension (T) and weight (mg). Tension is always 
in the radial direction (towards centre). So, resolve ‘mg’ along radial and tangential 
directions. 

(iii) Weight (mg) is a constant force, while tension (T) is variable. It is maximum at the 
bottommost point and minimum at the topmost point. 


© Example 1 In the figure shown, u=46 gR (»45 gR) (0) 
Find h, v, a, a, , T and F,, when “ 
T ue z= Mlee M f th 
(a) 8=60 ! l s oime 
(b) 0 = 90? 
(c) 0-180? d 


Solution (a) When 0 = 60° 


mg cos 60° 


mg sin 60° mg 
-3 mg mg ~ 2 


In the figure, we can see that, 
h - PM OP - OM =R- Rcos0 


=R- Rcos60°= R- Ë Ans. 


2 
v-4u?-2 gh = 6 gR-2 (2) =.,/5 gR Ans. 


454 e Mechanics - I 


2 f 2 

vui EA gy Ans. 
R R 
5 E 


(b) When 0 - 90? 
Ans. 


h-R 
-4ui-2 gh = 46 gR-2 gR 
=2 gR Ans. 


m m 
=Ja?+a? = Jag? + (8 =Vi7¢ 
T=ma,=m (48) 


=4mg Ans 
Fae =ma=m W17 g) 
17 mg 
(c) When 0 = 180° 
h=2R Ans. 
v-4u?-2gh 
= Je gR-3gx2R 
- Jg eR Ans. 
4,2 = BER) 
R R 
-2g Ans. 
a, = =0 (as F, =0, both forces are radial) 
a=a, (as a, =0) 
-2g Ans. 
T * mg-ma,-m (2g) 
T=mg 


Note This is the minimum tension during the motion. 
F a =ma =m 2 g8)=2mg Ans. 
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Note Points 


(i) F a= ma) is also the vector sum of two forces. T and mg acting on the body. 


(i) 


mg cos 0 


mg sin 0 


mg 
F, 1 : 
In general, d= = ur —-gsin0 
m m 


At 0— 60*, 90? and 180°, this value is - and zero. 


2 
mv? muU 


Similarly, T — mgcos0- ma, = => T=mgcos0+ 


Gii) At topmost and bottommost points, both forces act in radial direction. x 
So, F,-0 Tgtmg*, 


F, O ! 
=> a; = =0 } 
m Ti Á 

mg 


Type 2. Based on motion of a pendulum 


Concept 


Motion of a pendulum is the part of a vertical circular motion. 
It is the case of oscillation in vertical circular 
motion.Therefore velocity at bottommost point C should be 
less than or equal to eal. A 
At extreme positions A and B where, 0—*0,, v- 0, T'z0, 
a,=0-T 
Therefore, a, 2gsin09 and T=mgcos0, 
At the bottommost point C, where 6= 0? 

v= maximum 


a, = maximum 
T = maximum 
and a, =0 
At some intermediate point P, where 0-0, neither of the terms discussed above is zero, 
h= Lcos- [cos0,. 
v=; 2gh 
2 


U : 
a, —p a, 2 gsin0, a- Ja? +a?, 


2 
F,,-ma and T- mgcos0=“——= ma, 
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© Example 2 A ball of mass ‘m’ is released from point A where, 
0, =53° . Length of pendulum is ‘I’. Find v, a,, a,, a, T and 
POS at 
(a) point A 
(b) point C 
(c) pont P, where 02 37° 
Solution (a) At pont A 


v0 = d, 5-0 (R=1) 
R 


ay = gsin®)=gsin53°== g 


4 
unio rE 


T =mg cosy =mg cos 3*- - mg 
4 
Fret ns mE 


(b) At point C 
h-OC-OM-I-I1cos53? 


di EE 5 
a,=0 
a=a NT 
"og 
2 
mU 
T= ——— — 
9 
T=? 
pue 


F,4-ma =$ mg 


(c) At point P 


h=0M -ON - [cos 37° — l cos 53? O. 
adj pet 
5 5 5 
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aces = 
a ENS DES 
= gsin0- gsin37?- 
2 
uice Ky M18 
T -mg cos0 «ma, 


or mM 


6 
T-—-m, 
5 E) 


Miscellaneous Examples 


© Example 3 A particle of mass m starts moving in a circular path of constant 
radius r, such that its centripetal acceleration a, is varying with time t as 
ae = k*rt?, where k is a constant. What is the power delivered to the particle by 


the forces acting on it ? 


[IIT JEE 1994] 
Solution As a,- (vr) so (vir)=k?rt? 
Kinetic energy K = ; mv! = - mkt? 
Now, from work-energy theorem 
W = AK - z mk’r't?—0 [as at t=0, K =0] 
So, P= aw. -<( mk?r?t? ]- mk?r?t Ans. 
dt dt 


Alternate solution : Given that a, = E?^rt?, so that 


F, « ma, 2 mkrt? 


Now, as = (Ir), so (Ir) = ert? 
or v=krt 
So, that a, = (du/dt) = kr 
i.e. F, =ma, =mkr 
Now, as F=F,+ F, 
aW 


So, P=—— =F. v=(F,+F)-v 
di v=( 1) 
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In circular motion, F, is perpendicular to v while F, parallel to it, so 
P=F,v [as F,- v 20] 
P 2 mk?r?t Ans. 


6 Example 4 If a point moves along a circle with constant speed, prove that its 
angular speed about any point on the circle is half of that about the centre. 


Solution Let, O be a point on a circle and P be the position of the 
particle at any time f£, such that 


ZPOA=8. Then, ZPCA-20 
Here, C is the centre of the circle. 


Angular velocity of P about O is Oo = 2 
and angular velocity of P about C is, 
d de 
oc =— (20)=2 Z 
ui E 
or Oc = 209 Proved. 


© Example 5 A particle is projected with a speed u at an angle 0 with the 
horizontal. What is the radius of curvature of the parabola traced out by the 


ne . f . 0 . 
projectile at a point where the particle velocity makes an angle z with the 


horizontal. 


Solution Let v be the velocity at the desired point. Horizontal component of 
velocity remains unchanged. Hence, 


0 
v cos — = u cos 0 
2 


_ u cos® 


..Q) 


iS 
cos — 
2 


Radial acceleration is the component of acceleration perpendicular to velocity or 


a, = g cos (S) 
i 2 


v? 0 T 
g $95 B ze 


Substituting the value of v from Eq. (i) in Eq. (ii), we have radius of curvature 


2 
u cos 0 


cos B 2 2 
R- 2 QUIE N Ans. 


g cos B g cos? B 
2 2 
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© Example 6 A point moves along a circle with a speed v = kt, where k = 0.5 m/s". 
Find the total acceleration of the point at the moment when it has covered the n ^ 


; ; n ] 1 
fraction of the circle after the beginning of motion, where n = a 


Solution us =k or [i ds=k ftdt Tl 
di 0 0 2 


For completion of nth fraction of circle, 


s=2nrn = ; kt? or t?- (Annr)/R 6) 
] : dv " 
Tangential acceleration = a, = di =k ...(1) 
2 42,2 
Normal acceleration = a,, = a EE x (i) 
r r 
Substituting the value of t? from Eq. (i), we have 
or a, - Annk 
a 7 4 (a? + a2) = [£? + 16n?n?k?] 
-k[216xn?[^? 
=0.50 [1 + 16 x (3.14)? x (0.10)? ]!2 
- 0.8 m/s? Ans. 
© Example 7 In a two dimensional motion of a body, prove that tangential 
acceleration is nothing but component of acceleration along velocity. 
Solution Let velocity of the particle be, 
veio 
a Us 
Acceleration a- dus PE: j 
dt dt 
n yy 
Component of a along v will be, avy idi ” dt ... G) 
|v] ste tu 
Further, tangential acceleration of particle is rate of change of speed. 
du d 2 3 1 du du, 
or a, =— =—|,Ju, +u or a,= 2v, . —* 4 2v 
' dt a (ve d ‘9 feel dt * dt 
dv, du, 
or a, =— t ... Gi) 


E 2 
Uy + Uy 


From Eqs. (i) and (ii), we can see that 
a-v 
a, = — 
Iv] 


or Tangential acceleration = component of acceleration along velocity. Hence proved. 


Exercises 


LEVEL 1 


Assertion and Reason 
Directions Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 
1. Assertion: A car moving on a horizontal rough road with velocity v can be stopped in a 


minimum distance d. If the same car, moving with same speed v takes a circular turn, then 


minimum safe radius can be 2d. 
2 2 


Reason: d- ae and minimum safe radius = En 
2ug Hs 


2. Assertion: A particle is rotating in a circle with constant speed as 
shown. Between points A and B, ratio of average acceleration and average 
velocity is angular velocity of particle about point O. 


Reason: Since speed is constant, angular velocity is also constant. 


3. Assertion: A frame moving in a circle with constant speed can never be 
an inertial frame. 


Reason: It has a constant acceleration. 


4. Assertion: In circular motion, dot product of velocity vector (v) and acceleration vector (a) 
may be positive, negative or zero. 


Reason: Dot product of angular velocity vector and linear velocity vector is always zero. 
5. Assertion: Velocity and acceleration of a particle in circular motion at some instant are: 

v = (21) ms! and a = (- i+ 2j) ms”, then radius of circle is 2 m. 

Reason: Speed of particle is decreasing at a rate of 1 ms ?. 


6. Assertion: In vertical circular motion, acceleration of bob at position A is greater than ‘g. 


Reason: Net acceleration at A is resultant of tangential and radial components of 
acceleration. 
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7T. Assertion: A pendulum is oscillating between points A, B and C. Acceleration of bob at 
points A or C is zero. 


Reason: Velocity at these points is zero. 


8. Assertion: Speed of a particle moving in a circle varies with time as, v = (4t — 12). Such type 
of circular motion 1s not possible. 


Reason: Speed cannot change linearly with time. 


9. Assertion: Circular and projectile motions both are two dimensional motion. But in circular 
motion, we cannot apply v = u+ at directly, whereas in projectile motion we can. 


Reason: Projectile motion takes place under gravity, while in circular motion gravity has no 
role. 


10. Assertion: A particle of mass m takes uniform horizontal circular motion inside a smooth 
funnel as shown. Normal reaction in this case is not mg cos0. 


t) 


Reason: Acceleration of particle 1s not along the surface of funnel. 


11. Assertion: When water in a bucket is whirled fast overhead, the water does not fall out at the 
top of the circular path. 


Reason: The centripetal force in this position on water is more than the weight of water. 


Objective Questions 
Single Correct Option 


1. A particle is revolving in a circle with increasing its speed uniformly. Which of the following is 


constant ? 
(a) Centripetal acceleration (b) Tangential acceleration 
(c) Angular acceleration (d) None of these 


2. A particle is moving in a circular path with a constant speed. If 0 is the angular displacement, 
then starting from 0 = 0, the maximum and minimum change in the linear momentum will 
occur when value of 0 is respectively 


(a) 45° and 90° (b) 90? and 180? 
(c) 180? and 360° (d) 90? and 2770? 


3. A simple pendulum of length / has maximum angular displacement 0. Then maximum kinetic 
energy of a bob of mass m is 


(a) mel (b) ; mgl cos® (c) mgl (1 — cos0) (d) ; mgl sin 0 
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4. A particle of mass m is fixed to one end of a light rigid rod of length l and rotated in a vertical 


10. 


11. 


circular path about its other end. The minimum speed of the particle at its highest point must 
be 


(a) zero (b) Jel 
(c) 415 gl (d) 42 gl 


. A simple pendulum of length / and mass m is initially at its lowest position. It is given the 


minimum horizontal speed necessary to move in a circular path about the point of suspension. 
The tension in the string at the lowest position of the bob is 


(a) 3 mg (b) 4 mg 
(c) 5 mg (d) 6 mg 


. A point moves along a circle having a radius 20 cm with a constant tangential acceleration 


5 cm/s”. How much time is needed after motion begins for the normal acceleration of the point 
to be equal to tangential acceleration? 

(a) ls (b) 2s 

(c) 3s (d) 4s 


. A ring of mass (27) kg and of radius 0.25 m is making 300 rpm about an axis through its 


perpendicular to its plane. The tension in newton developed in ring 1s approximately 
(a) 50 (b) 100 
(c) 175 (d) 250 


. Acar is moving on a circular level road of curvature 300 m. If the coefficient of friction is 0.3 and 


acceleration due to gravity is 10 m/s?,the maximum speed of the car can be 


(a) 90 km/h (b) 81 km/h 
(c) 108 km/h (d) 162 km/h 


. A string of length 1 m is fixed at one end with a bob of mass 100 g and the string makes 


2 rev s ! around a vertical axis through a fixed point. The angle of inclination of the string 
T 


with vertical is 


1f5 (3 
(a) tan (3) (b) tan (2) 

1f{3 ETE 
(c) cos (2) (d) cos (3) 
In rn previous question, the tension in the string P 
MÀ m 
(c) r3 N (d) * N 


A small particle of mass 0.36 g rests on a horizontal turntable at a distance 25 cm from the axis 
à . 1 E m 

of spindle. The turntable is accelerated at a rate of a = 5 rad s ?. The frictional force that the 

table exerts on the particle 2 s after the startup is 


(a) 40 uN (b) 30 uN 
(c) 50 uN (d) 60 uN 


12. 


13. 


14. 
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A simple pendulum of length / and bob of mass m is displaced from its equilibrium position O to 
a position P so that height of P above Ois A. It is then released. What is the tension in the string 
when the bob passes through the equilibrium position O ? Neglect friction. vis the velocity of the 


bob at O. 
2 
(a) m ls + 3 (by 2 ne^ 


l 
(c) mg E t 3 (d) mg E + 2 


Two particles revolve concentrically in a horizontal plane in the same direction. The time 
required to complete one revolution for particle A 1s 3 min, while for particle Bis 1 min. The 
time required for A to complete one revolution relative to Bis 
(a) 2 min (b) 1 min 
(c) 1.5 min (d) 1.25 min 
Three particles A, B and C move in a circle in anticlockwise direction with speeds 1 ms !, 
2.5 ms ! and 2 ms! respectively. The initial positions of A, Band C are as shown in figure. The 
ratio of distance travelled by B and C by the instant A, B and C meet for the first time 1s 

B 


(a) 3:2 (b) 5:4 (c) 3:5 (d) data insufficient 


Subjective Questions 


1. 


2. 


A car is travelling along a circular curve that has a radius of 50 m. If its speed is 16 m/s and is 
increasing uniformly at 8 m/s?. Determine the magnitude of its acceleration at this instant. 


A 70 kg man stands in contact against the inner wall of a hollow cylindrical drum of radius 3 m 
rotating about its vertical axis. The coefficient of friction between the wall and his clothing 1s 
0.15. What is the minimum rotational speed of the cylinder to enable the man to remain stuck 
to the wall (without falling) when the floor 1s suddenly removed? 


. A particle is projected with a speed u at an angle0 with the horizontal. Consider a small part of 


its path near the highest position and take it approximately to be a circular arc. What 1s the 
radius of this circle? This radius is called the radius of curvature of the curve at the point. 


. Find the maximum speed at which a truck can safely travel without toppling over, on a curve of 


radius 250 m. The height of the centre of gravity of the truck above the ground 1s 1.5 m and the 
distance between the wheels is 1.5 m, the truck being horizontal. 


. A hemispherical bowl of radius R is rotating about its axis of symmetry which is kept vertical. A 


small ball kept in the bowl rotates with the bowl without slipping on its surface. If the surface of 
the bowl is smooth and the angle made by the radius through the ball with the vertical is a. Find 
the angular speed at which the bowl 1s rotating. 


. Show that the angle made by the string with the vertical in a conical pendulum 1s given by 


cos 0 = a , where L is the length of the string and œ is the angular speed. 
(0) 
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T. 


10. 


A boy whirls a stone of small mass in a horizontal circle of radius 1.5 m and at height 2.9 m 
above level ground. The string breaks and the stone flies off horizontally and strikes the ground 
after travelling a horizontal distance of 10 m. What is the magnitude of the centripetal 
acceleration of the stone while in circular motion ? 


. A block of mass m is kept on a horizontal ruler. The friction coefficient between the ruler and 


the block is u. The ruler is fixed at one end and the block is at a distance L from the fixed end. 

The ruler is rotated about the fixed end in the horizontal plane through the fixed end. 

(a) What can the maximum constant angular speed be for which the block does not slip ? 

(b) If the angular speed of the ruler is uniformly increased from zero at an angular acceleration o, 
at what angular speed will the block slip ? 


. A thin circular wire of radius R rotates about its vertical diameter with an angular frequency o. 


Show that a small bead on the wire remains at its lowermost point for œ € /g/ R. What is angle 


made by the radius vector joining the centre to the bead with the vertical downward direction 
for o = 42g/ R ? Neglect friction. 


Two blocks tied with a massless string of length 3 m lo 
are placed on a rotating table as shown. The axis of CL 
rotation is 1 m from 1 kg mass and 2 m from 2 kg mass. 


I 
The angular speed 2 kg 2m IM m 
@ = 4 rad/s. Ground below 2 kg block is smooth and l J 


below 1 kg block is rough. (g = 10 m/s”) I 

(a) Find tension in the string, force of friction on 1 kg 
block and its direction. 

(b) If coefficient of friction between 1 kg block and ground is u 20.8. Find maximum angular speed 
so that neither of the blocks slips. 

(c) If maximum tension in the string can be 100 N, then find maximum angular speed so that 
neither of the blocks slips. 


Note Assume that in part (b) tension can take any value and in parts (a) and (c) friction can take any value. 


11. 


12. 


A small block slides with velocity 0.5 er on the horizontal frictionless surface as shown in the 


figure. The block leaves the surface at point C. Calculate angle 0 in the figure. 
A Ww B 


The bob of the pendulum shown in figure describes an arc of circle in a vertical plane. If the 
tension in the cord is 2.5 times the weight of the bob for the position shown. Find the velocity 
and the acceleration of the bob in that position. 
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13. The sphere at A is given a downward velocity uv) of magnitude 5 m/s and swings in a vertical 
plane at the end of a rope of length / = 2 m attached to a support at O. Determine the angle 0 at 
which the rope will break, knowing that it can withstand a maximum tension equal to twice the 
weight of the sphere. 


B'^- 
^N 
N 
\ 
\ 
A 1 
, L O l 
I 
1 
Vo 74 
Nac P d 


LEVEL 2 


Objective Questions 
Single Correct Option 


1. A collar Bof mass 2 kg is constrained to move along a horizontal smooth and fixed circular track 
of radius 5 m. The spring lying in the plane of the circular track and having spring constant 
200 Nm ! is undeformed when the collar is at A. If the collar starts from rest at B, the normal 


reaction exerted by the track on the collar when it passes through A 1s 


(a) 360 N (b) 720 N 
(c) 1440 N (d) 2880 N 


2. A particle is at rest with respect to the wall of an inverted cone rotating with uniform angular 
velocity œ about its central axis. The surface between the particle and the wall is smooth. 
Regarding the displacement of particle along the surface up or down, the equilibrium of particle 
is 


c30 


(a) stable (b) unstable 
(c) neutral (d) None of these 
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3. Arough horizontal plate rotates with angular velocity o about a fixed vertical axis. A particle of 
mass m lies on the plate at a distance i from this axis. The coefficient of friction between the 
plate and the particle is > The largest value of o? for which the particle will continue to be at 
rest on the revolving plate " 1 4 
(a) = ) == () 28 Oa 


4. A ball attached to one end of a string swings in a vertical plane such that its acceleration at 
point A (extreme position) is equal to its acceleration at point B (mean position). The angle@is 


! 0 
A 
B I 
(a) sos (2) (b) sos (5) 
(c) eoe? (2) (d) None of these 


5. A skier plans to ski a smooth fixed hemisphere of radius R. He starts from rest from a curved 


smooth surface of height B The angle 0 at which he leaves the hemisphere is 


E 45 afb al 5 | 
(a) cos (2) (b) cos + — (c) cos (3) (d) cos !| —— 
3 43 6 l2 REI | 
6. A section of fixed smooth circular track of radius R in vertical plane is shown in the figure. A 
block is released from position A and leaves the track at B. The radius of curvature of its 
trajectory just after it leaves the track at Bis ? 


(a) R (b) p^ (d) Z 


7. 


10. 


11. 


12. 


Chapter 10 Circular Motion © 467 


A particle is projected with velocity u horizontally from the top of a smooth sphere of radius a so 
that it slides down the outside of the sphere. If the particle leaves the sphere when it has fallen 


a height " the value of u is 


(a) Jag (b) E 


. A particle of mass m describes a circle of radius r. The centripetal acceleration of the particle is 


+ What will be the momentum of the particle ? 
r 


m m 
(a) 2 a (b) 2 m 
(c) 4 = (d) None of these 


vr 


. A 10 kg ball attached at the end of a rigid massless rod of length 1 m rotates at constant speed in 


a horizontal circle of radius 0.5 m and period of 1.58 s, as shown in the figure. The force exerted 
by the rod on the ball is (g = 10 ms ?) 


(a) 158 N (b) 128 N 
(c) 110 N (d) 98 N 


A disc is rotating in a room. A boy standing near the rim of the disc of radius R finds the water 
droplet falling from the ceiling 1s always falling on his head. As one drop hits his head, other one 
starts from the ceiling. If height of the roof above his head is H, then angular velocity of the disc 
is 


2gR 2gH 
a)n T 
( ) y H? (b) R? 
(c) x (d (d) None of these 
In a clock, what is the time period of meeting of the minute hand and the second hand? 
60 

59 — 
(a) 59 s (b) 59° 

59 3600 

ca d 
ur Mag ^ 
A particle of mass m starts to slide down from the top of the fixed smooth sphere. What is the 


tangential acceleration when it breaks off the sphere ? 
2g v5 g 
BS: b 5 

(a) 3 (b) 3 


g 
(c) g (d) F 
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13. 


14. 


15. 


16. 


17. 


18. 


A particle is given an initial speed u inside a smooth spherical shell of radius R so that it is just 
able to complete the circle. Acceleration of the particle, when its velocity is vertical, is 


(a) g V10 (b) g 
(c) g v2 (d) e V6 


An insect of mass m = 3kg is inside a vertical drum of radius 2 m that is rotating with 

an angular velocity of 5 rad s !. The insect doesn’t fall off. Then, the minimum 
coefficient of friction required is 

(a) 0.5 

(b) 0.4 

(c) 0.2 " 
(d) None of the above 

A simple pendulum is released from rest with the string in horizontal position. The vertical 


component of the velocity of the bob becomes maximum, when the string makes an angle0 with 
the vertical. The angle 0 is equal to 


T i, 1 
(a) 4 (b) cos E 


1 T 

(c) suc (d) = 
43 3 

A particle is moving in a circle of radius R in such a way that at any instant the normal and 

tangential component of its acceleration are equal. If its speed at t = Ois up. The time taken to 

complete the first revolution is 


(a * EE 
Uo Uo 

9E a-em @ Ease) 
Up Uo 


A particle is moving in a circular path in the vertical plane. It is attached at one end of a string 
of length / whose other end is fixed. The velocity at lowest point is u. The tension in the string is 
T and acceleration of the particle is a at any position. Then T - a is zero at highest point if 


(a) u » 45 gl 

(b) u — 45 gl 

(c) Both (a) and (b) are correct 

(d) Both (a) and (b) are wrong 

In the above question, T: a is positive at the lowest point for 
(a) u € 42 gl (b) u 2 42 gl 

(c) u « 42 gl (d) any value of u 
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More than One Correct Options 


1. A ball tied to the end of the string swings in a vertical circle under the influence of gravity. 
(a) When the string makes an angle 90? with the vertical, the tangential acceleration is zero and 
radial acceleration is somewhere between minimum and maximum 
(b) When the string makes an angle 90? with the vertical, the tangential acceleration is maximum 
and radial acceleration is somewhere between maximum and minimum 
(c) At no place in circular motion, tangential acceleration is equal to radial acceleration 
(d) When radial acceleration has its maximum value, the tangential acceleration is zero 


2. A small spherical ball is suspended through a string of length l. The whole arrangement is 
placed in a vehicle which 1s moving with velocity v. Now, suddenly the vehicle stops and ball 
starts moving along a circular path. If tension in the string at the highest point 1s twice the 
weight of the ball then (assume that the ball completes the vertical circle) 

(a) v2 45 gl 

(b) v» J" gl 

(c) velocity of the ball at highest point is Jal 

(d) velocity of the ball at the highest point is 3 gl 


3. A particle is describing circular motion in a horizontal plane in contact with the smooth 
surface of a fixed right circular cone with its axis vertical and vertex down. The height of 
the plane of motion above the vertex is h and the semi-vertical angle of the cone is a. The 
period of revolution of the particle 


(a) increases as A increases (b) decreases as h decreases 
(c) increases as & increases (d) decreases as & increases 


4. In circular motion of a particle, 
(a) particle cannot have uniform motion 
(b) particle cannot have uniformly accelerated motion 
(c) particle cannot have net force equal to zero 
(d) particle cannot have any force in tangential direction 


5. A smooth cone is rotated with an angular velocity o as shown. A block Ais placed at height A. 
Block has no motion relative to cone. Choose the correct options, when œ is increased. 


QU, 


(a) net force acting on block will increase (b) normal reaction acting on block will increase 
(c) h will increase (d) normal reaction will remain unchanged 
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Comprehension Based Questions 
Passage 1 (Q.Nos. 1 to 2) 2-1 
l 


A ball with mass m is attached to the end of a rod of mass M and length /. The / 

other end of the rod is pivoted so that the ball can move in a vertical circle. The Á o1 
rod is held in the horizontal position as shown in the figure and then given just \ n 
enough a downward push so that the ball swings down and just reaches the ^ 2 
vertical upward position having zero speed there. Now answer the following “= 
questions. 


1. The change in potential energy of the system (ball + rod) is 


(a) mgl (b) (M + m) gl © E + n) gl (à) & t9 qi 


2 
2. The initial speed given to the ball is 


(a) | Mal + 2mgl (b) J2 gl (c) aa (d) None of these 
m m 


Note Attempt the above question after studying chapter of rotational motion. 
Passage 2 (Q.Nos. 3 to 5) 


A small particle of mass m attached with a light inextensible thread of length Lis 
moving in a vertical circle. In the given case particle is moving in complete vertical . 
circle and ratio of its maximum to minimum velocity is 2: 1. : 


. E ' 
3. Minimum velocity of the particle is ES | x 
m 


gL gL 

(a) 4 27 ( 2477- 
gL [gL 

(c) 3 (d) 3 E 


4. Kinetic energy of the particle at the lower most position is 


(gees mgL (b) 2mgL (c) 8mgL (d) 2mgL 
3 3 3 
5. Velocity of the particle when it is moving vertically downward is 
10 gL gL 8 gL 13 gL 
DB 2 [57 i-i d) .[-25-— 
(a) 3 (b) Y 3 (c) 3 (d) s 


Match the Columns 


1. A bob of mass m is suspended from point O by a massless string of length / as shown. At the 
bottommost point it is given a velocity u = J12gl for l= 1 m and m = 1 kg, match the following 


two columns when string becomes horizontal (g = 10 ms”) (0) 
Column I Column II (SI units) 
(a) Speed of bob (p) 10 l 
(b) Acceleration of bob (q) 20 
(c) Tension in string (r) 100 


(d) Tangential acceleration of bob | (s) None 
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2. Speed of a particle moving in a circle of radius 2 m varies with time as v = 2t (SI units). At t = 1 s 


match the following two columns : 
Column I 


(a) a-v 
(b) laxo 
(c) v-@ 
(d) |vxal| 


Here, symbols have their usual meanings. 


Column II (SI units) 


(p) 242 
(q) 2 
(r) 4 
(s) None 


3. A car is taking turn on a rough horizontal road without slipping as shown in figure. Let F is 
centripetal force, f the force of friction, N, and N, are two normal reactions. As the speed of car 
is increased, match the following two columns. 


Turn n N2 
4 [2] Q 
f 
Column I Column II 

(a) Ny (p) will increase 
(b N, (q) will decrease 
(c) Fif (r) will remain unchanged 
(d f (s) cannot say anything 


. Position vector (with respect to centre) velocity vector and acceleration vector of a particle in 
circular motion are r = (3i — 4j) m, v = (4i— aj) ms ! anda = (- 6i + bj) ms ?. Speed of particle is 
constant. Match the following two columns. 


ColumnI Column II (SI units) 
(a) Valueofa (p 8 
(b) Value of b (q) 3 
(c) Radius of circle (r) 5 
(d r-(vxa) (s None 


. A particle is rotating in a circle of radius R= (3) m, with constant speed 1 ms !. Match the 
T 


following two columns for the time interval when it completes oh of the circle. 


Column I Column II (SI units) 


2 

(a) Average speed (p) x 
2 
(b) Average velocity (q) 2 E 


(c) Average acceleration | (r) v2 
(d) Displacement (s) 1 
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Subjective Questions 


1: 


. If the system shown in the figure is rotated in a horizontal circle 


Bob B of the pendulum AB is given an initial velocity ./3Zg in horizontal direction. Find the 
maximum height of the bob from the starting point, 


A 
L 


i 


(a) if AB is a massless rod, (b) if AB is a massless string. 


. A small sphere B of mass m is released from rest in the position shown and swings freely in a 


vertical plane, first about O and then about the peg A after the cord comes in contact with the 
peg. Determine the tension in the cord 


(a) just before the sphere comes in contact with the peg. 
(b) just after it comes in contact with the peg. 


. A particle of mass m is suspended by a string of length / from a fixed rigid support. A sufficient 


horizontal velocity Up = 4381 is imparted to it suddenly. Calculate the angle made by the string 
with the vertical when the acceleration of the particle is inclined to the string by 45°. 


. A turn of radius 20 m 1s banked for the vehicles going at a speed of 36 km/h. If the coefficient of 


static friction between the road and the tyre 1s 0.4. What are the possible speeds of a vehicle so 
that it neither slips down nor skids up ? (g = 9.8 m/s?) 


. A particle is projected with a speed u at an angle 0 with the horizontal. Find the radius of 


curvature of the parabola traced out by the projectile at a point, where the particle velocity 
makes an angle ° with the horizontal. 


. A particle is projected with velocity 2042 m/s at 45° with horizontal. After 1 s, find tangential 


and normal acceleration of the particle. Also, find radius of curvature of the trajectory at that 
point. (Take g = 10 m/s?) 


with angular velocity  . Find (g- 10 m/s?) 

(a) the minimum value of o to start relative motion between the two 
blocks. 

(b) tension in the string connecting m, and m when slipping just 
starts between the blocks. — R — —- 


The coefficient of friction between the two masses is 0.5 and there is no friction between m, and 
ground. The dimensions of the masses can be neglected. (Take R = 0.5 m, m, = 2kg, ms = 1 kg) 
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8. The simple 2 kg pendulum is released from rest in the horizontal position. As it reaches the 
bottom position, the cord wraps around the smooth fixed pin at B and continues in the smaller 
arc in the vertical plane. Calculate the magnitude of the force R supported by the pin at B when 
the pendulum passes the position 0 = 30°. (g = 9.8 m/s?) 

800 mm 


9. A circular tube of mass M is placed vertically on a horizontal surface as shown in the figure. 
Two small spheres, each of mass m, just fit in the tube, are released from the top. If 0 gives the 
angle between radius vector of either ball with the vertical, obtain the value of the ratio M/m if 


the tube breaks its contact with ground when 0 = 60°. Neglect any friction. 
mm 
OO 


10. A table with smooth horizontal surface is turning at an angular speed œ about its axis. A groove 
is made on the surface along a radius and a particle 1s gently placed inside the groove at a 
distance a from the centre. Find the speed of the particle with respect to the table as its distance 
from the centre becomes L. 


11. A block of mass m slides on a frictionless table. It is constrained to move inside a ring of radius 
R. At time t = O,block is moving along the inside of the ring (i.e. in the tangential direction) with 
velocity vo. The coefficient of friction between the block and the ring is u. Find the speed of the 
block at time f. 


12. A ring of mass M hangs from a thread and two beads of mass m slides on it without friction. The 
beads are released simultaneously from the top of the ring and slides down in opposite sides. 


Show that the ring will start to rise, if m» rx 


474 © Mechanics - I 


13. A smooth circular tube of radius R is fixed in a vertical plane. A particle is projected from its 
lowest point with a velocity just sufficient to carry it to the highest point. Show that the time 


taken by the particle to reach the end of the horizontal diameter is E In (1 + V2). 
g 


Hint: | sec 0- d0 = ln (sec 0 + tan0) 


14. A heavy particle slides under gravity down the inside of a smooth vertical tube held in vertical 
plane. It starts from the highest point with velocity y2ag, where a is the radius of the circle. 
Find the angular position 6 (as shown in figure) at which the vertical acceleration of the particle 
is maximum. 


Vo = N2ag 


RQ 


15. A vertical frictionless semicircular track of radius 1 m is fixed on the edge of a movable trolley 
(figure). Initially, the system is rest and a mass m is kept at the top of the track. The trolley 
starts moving to the right with a uniform horizontal acceleration a = 2g/ 9. The mass slides 
down the track, eventually losing contact with it and dropping to the floor 1.3 m below the 
trolley. This 1.3 m is from the point where mass loses contact. (g = 10 m/s?) 


(a) Calculate the angle 0 at which it loses contact with the trolley and 
(b) the time taken by the mass to drop on the floor, after losing contact. 


Answers 


Introductory Exercise 10.1 


1. Variable 2. speed, acceleration, magnitude of acceleration 
3. (a) 4.0 cm/s? (b) 20 cm/s? (c) 2/8cm/s? 4, 242g, 25 6. 45* 
T 


7. (8)21.65 ms? (b)7.35 ms! (c)12.5 ms? 


Introductory Exercise 10.2 
1. ta (1) 2.0.25  8.(a)17ms? 4, No 5. He should apply the brakes 


6. (a)39.6rpm (b) 150N  7.(a)24 kN (b) 50 ms?! (c) 32 kN 
Introductory Exercise 10.3 


1. (@)2R (b) = gR 2. (a) 60° (p) 78 3. (a) [BER (b)2mg (c)8mge — 47 ms 


Exercises 
LEVEL 1 


Assertion and Reason 
1. (a) 2. (b) 3. (c) 4. (b) 5. (b) 6. (a) 7. (d) 8. (c) 9. (c) 
11. (a) 

Single Correct Option 
1. (c) 2. (c) 3. (c) 4. (a) 5. (d) 6. (b) 7. (d) 8. (c) 9. (d) 
11. (c)  12.(d)  18.(c) 14. (b) 


Subjective Questions 


1. 9.5 ms? 2. 4.7 rad/s 4. 35 m/s 


1 


g -2 ug [(ugy 214 ` 
5, —— 7. 113 ms 8. (a) JEE «e» (E) il 9. 60 


10. (a)7 = 64N, f= 48N(outwards) (b)163 rad/s (c)5rad/s 


11. 0- cos B 12.5.66 ms, 16.75 ms? 18. sw (i) 


LEVEL 2 


Single Correct Option 


1. (c) 2.(b 3.(d) 4. (c) 5. (c) 6. (c) 7. (c) 8.(b 9.(b) 
11. (d)  12.(b)  13.(a)  14.(c)  15.(b)  16.(c)  17.(b) 18. (d) 


10. (a) 


10. (b) 


10. (c) 
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More than One Correct Options 
1.(bd) 2. (b,d) 3. (a,d) 4. (a, b, c) 5. (d) 


Comprehension Based Questions 
1. (c) 2. (d) 3.(b) 4. (c) 5. (a) 


Match the Columns 

(a> (p) (bo(9 (C) > (n) (d) > (p) 
(o. (0 (Do(p (&> (s) da (r) 
(@)—> (a) (bDo(Q (0o (02(p 
(@a)—> (s) (bo(9 (02o(0 (d) > (s) 
(@)—> (s) (b)> (a) (059  (d)> (q) 


oa PWN P 


Subjective Questions 


1. (a) 3L (by 4E 2. (ay SME (a) 908 3 9.7 4 42ms?«y«15ms" 
2 27 2 2 2 
u? cos? -2 -2 
. — > 6 a 2-245 ms, a, = 4/5 ms?,R =25/5m 7. (a) a, = 6.32 rad/s (b) T = 30N 
g cos" (0/2) 
M 1 2 2 Vi ($) 
8. 45N 9, — => 10. v=q@/L* -a 11. 0 14. 8 = cos™ | = 
m 2 1+ uvot 3 
R 


15. (a) 37° (b) 0.38 s 


Hints 
Solutions 


Basic Mathematics 


Subjective Questions d^y i 
and — --—4 sin 2x 
2. (c)2sin 45? cos 15? dx 
" ; dy _ 
sin C + sin D =2 sin (s i p) cos (=>) PENE dx jui 
2cos2x - 120 
C+D LAN or C+D=90° ...(i) 1 
2 RS cos 2x = 5 
CD es LG ae 
E or C-—D=30 (ii) T wr=+ 60° 
Solving these two equations, we get os nde 
C =60°, D «30? d 
2 sin 45° cos 15° = sin 60° + sin 30° At 2x =+ 60°, aes is —ve, so value of y is 
> eae aK M diy 
i 2 S: maximum. At 2x = — 60°, a is positive. So value 
x 
(d) Apply of yis minimum. 
‘ : . -D +D 
sin C — sin D =2 sin (£ ) cos (s 2 u Zax = sin (460?) = 
C = 60° and D = 30° 4,3 n x 
-. 2sin15?cos 45° = sin 60? — sin 30? 2 aos 
[5 Ans. or x-m/6 
2 
and min = Sin (760?) + = 


4. (c) and (d) parts : Refer (c) and (d) parts of 


example-1.2 at go’ 
6. (e) y= (sin 2x - x) 6 
dy alt v3 A 
— =2 cos 2x -1 SE 2 ns: 
dx 


Measurement and Errors 


INTRODUCTORY EXERCISE 


1. (a) 13.214 + 234.6 + 7.0350 + 6.38 


= 261.229 

= 261.2 
(rounding off to smallest one number of decimal 
place) 
(b) 1247 + 134.5 + 450 + 78 

= 1909.5 

=1910 
(rounding off to smallest one number of decimal 
place) 


2. (a) 16.235 x 0.217 x 5 


= 17.614975 
=20 
(rounding off to minimum one number of 
significant figure) 
(b) 0.00435 x 4.6 
= 0.02001 
= 0.020 


(rounding off to minimum two number of 
significant figures) 


Exercises 
Objective Questions 10. g= au 
3. A2 Ix b 2 3.124 x 3.002 R 
= 9.378248 m? oF ge R? 
= 9378 m? - % change in g = (—2) (% change in R) 


(rounding off to four significant digits) Ans. 
V =lbt=12 x 6x 2.45 
= 176.4 cm? = 2 x 10? cm? 


(rounding off to one significant digit of breadth) 


Ans. 
y =£ nR? 
3 
(% error in V) 2 3 (96 error in R) 
=3 (1%) 
=3% Ans. 
m m H 
x psp apan 


Maximum % error in p = (% error in m) 
+3 (96 error in /) 


1 
. K => m? 
2 
-. % error in K = (% error in m) + 2 (% error in v) 
F F - 
P=—=—=FL~ 
A L 


Permissible error (%) in P = (% error in F) 
+2 (% error in L) 
H=iRt 
% error in H =2(% error in i) + (Vo error in R) 
+ (96 error in t) 


11. 


12. 


= (-2)(-2)=+ 4% 
Rotational kinetic energy, 
H 
E 
L= angular momentum = constant 


jefa 
5 


(i) 


.. (ii) 
From Eqs. (i) and (ii), 
K œ R? 
-. 96 change in K = (—2) (% change in R ) 
= (-2) (-2)=+4% Ans. 
% errror in A =5 (96 error in p) + : (96 error inq) 


+2 (% error inr ) +3 (% error in s) 


psu Amas 
n n 
AT 100: 2. x100 
T 
= 91 10020059 
2x100 
Al eatis 2) x100 
l 100 cm 
- 0.196 
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An l 
= ——— «x — 
pecu 
-. % error in g = (% error in / ) +2 (% error in T) 


or 


— 0.196 + 2 (0.05 %) =0.2% Ans. 


13. Number 25 has infinite number of significant 
figures. Therefore we will round off to least 
number of significant figures or three significant 
figures in the measurement 1.76 kg. 


44 p^ & ae 
n n 
AT x 100 ==! x 100 
T t 
a9? ig) 
25 
= 0.8% Ans. 


Subjective Questions 
6. a= 6.75x 10^ cm 
b = 4.52 x 10° cm 
= 0.452 x 10° cm 
= 0.45 x 10? cm(upto 2 places of decimal) 
- a+ b= (6.75 x 10° + 0.45 x 10°) cm 
=7.20 x10? cm 


25.2 x 1374 


T. Wehave = 1039.7838 


Out of the three numbers given in expression 25.2 
and 33.3 have 3 significant digits and 1374 has 
four. The answer should have three significant 
digits. Rounding 1039.7838... to three significant 


digits, it becomes 1040. Thus we write 
25.2 x 1374 = 1040 


33.3 

8. (4.0x 10+) — (0.025 x 10) 
= 4.025 x 104 
=4.0 x10 


upto one decimal place Ans. 


9. (a)2.3 kg, (b) 0.02 g 
10. V=nr'l 
= (T) (0.046 cm}? (21.7 cm) 
= 0.1443112 cm? = 0.14 cm? 


(rounding off to two significant digits) 
Ans. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


V = a= (2.342 m= 12.84578569 m? 
= 12.85 m? (rounding off to four significant digits) 
S =a = (2.342) m? = 5.484964 m? 

= 5.485 m? (rounding off to four significant digits) 


Ans. 
m 9.23 
go 
= 8.3909090 kg/m? = 8.4 kg/m? 
(rounding off to two significant digits) Ans. 
V = (4.234 x 1.005 x 2.01) m? 
= 8.5528917 m? = 8.55 m 
(rounding off to three significant digits) Ans. 
S 2 4n? = 4n (2.1? = 554 cm? 
BN sgy = AA Meteo xs 
r p 
=2x DŠ x 55.4 = 26.4 cm? 
2.1 
(S € AS) = (55.4 + 264) cm? Ans. 
(50°C + 0.5*C) — (20°C + 0.5°C) 
= (30°C + 1°C) Ans. 


The percentage error in V is 5% and in J it is 2%. 
The total error in R would therefore be 
5% + 2% = 7% 


AP V 100= (=) (=) ; 5 x 100 
p r R l 
Joe, 2. S1 boo 
02 60 150 


= 23.4 96 


Ans. 


% error in p = 3 (% error in œ) +2 (% error in D) 
+ 5 (Yoertor in y) + (% error in 1) ) 


g=4n7L/T? 
Here, T = J and AT = a Therefore, AL = ar 
n n T t 
The errors in both L and ¢ are the least count errors. 
Therefore, 


(Ag/g) = (AL/L) + 2(AT/T) 
= (AL/L) + 2(At/t) 


zu +2 EX 0.027 
20.0 90 
Thus, the percentage error in g is 


(Ag/g) X100 = 2.796 


. LC 


Experiments 


INTRODUCTORY EXERCISE 


LC- Smallest division on main scale 


Number of divisions on vernier scale 


EU obl gini ed 
10 
Positive zero error = N + x (LC) 
=0+5x0.01 
= 0.05 cm 


Diameter = 3.2 + 4 x 0.01 2 3.24 cm 
Actual diameter = 3.24 — 0.05 = 3.19 cm 
. (N +m) VSD = (N ) MSD 


=> IVSD- 
N+m 


| MSD 


Lc-iMsb - 1vso =1 Msp -[ N 
N+m 


=" _ MSD= : MSD 
N+m 1+ N/m 


Now, least count will be minimum for m = 1. 


MSD 


INTRODUCTORY EXERCISE 
_ Pitch 
Number of divisions on circular scale 
LIEB. diam 
100 


Linear scale reading = 10 (pitch) = 10 mm 
circular scale reading = n (LC) = 65 x 0.01 


= 0.65 mm 
Total reading = (10 + 0.65) mm = 10.65 mm 
E Bs 
Number of divisions on circular scale 
QE oa bs 
50 

Positive zero error = n; (LC) 
Or, e= 6 x 0.02 20.12 mm 


Linear scale reading = 3 (pitch) = 3 mm 
Circular scale reading = m (LC) = 31 x 0.02 


= 0.62 mm 
Measured diameter of wire = (3 + 0.62) mm 
= 3.62 mm 


Actual diameter of wire 
= 3.62 mm — 0.12 mm = 3.50 mm 


» E4 moon 


INTRODUCTORY EXERCISE 


. A pendulum which has a time period of two seconds 


is called a second's pendulum. 


. Because T = 21./L/g is based on the assumption 


that sin 0 = 0 which is true only for small amplitude. 


. No, the time period does not depend on any of the 


given three properties of the bob. 


2p p 
4n 


. Thelength ofthe pendulum used in clocks increases 


in summer and hence T increases whereas in winter, 
the length of the pendulum decreases, so T 
decreases. T increases means clock goes slow. 


. Invar is an alloy which has a very small coefficient 


of linear thermal expansion. Hence, the time period 
does not change appreciably with the change of 
temperature. 


. During the draining of the sand, the period first 


increases due to change in effective length, then 

decreases and finally attains a value that it had when 

the sphere was full of sand. 

Searth H4 Som 
6 6 


constant 


-. L should be made 1 at moon 


6 
[cane =2n i =27 ue 
g Y2/6 


INTRODUCTORY EXERCISE 
4FL 4 x10x9.8x2 
yz — 
nd! (m) (0.4 x 10°) (0.8 x 107) 
= 1.94 x 10! N/m? 


Further, y= a“ 
nd'l 
AY Ad Al 
=> —-2|—|-— 
Y d l 


p 
ee Cmm 


= 0.22 x 10!! N/m? 
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INTRODUCTORY EXERCISE 


1. Let Al be the end correction. 
Given that fundamental tone for a length 
0.1m and first overtone for the length is 0.35 m. 
v 
~ 4(0.14 AI) 
E 3y 
~ 4(0.35 + AI) 
Solving this equation, we get 
Al = 0.025m 
2. With end correction, 


v 
f=n kas! (where, n = 1, 3,...) 


=o (+06 5 


Because, e = 0.6 r, where r is radius of pipe. 
For first resonance, n= 1 
y 


PM a 4 067) 
Or l 2 — -— 0.6r 
4 7 
r ea -0.6x 2 em 
4 x 512 
=15.2 cm 
INTRODUCTORY EXERCISE 
pm nd V _ (3.14)(2.00 x 102) (100.0) 
i All (4)(31.4)(10.0) x 10? 


1.00 x 10^ Q -m (to three significant figures) 


2. =P 100 =| 24 pP AE. A x:100 
p d V l 


a * oin) * (512) * 32). 


x 100 


=2.41% 


rw [2t] (m 
[e 0.1 


+ x 100 = 1.1% 
100 10 


3. We will require a voltmeter, an ammeter, a test 
resistor and a variable battery to verify Ohm’s law. 
Voltmeter which is made by connecting a high 
resistance with a galvanometer is connected in 
parallel with the test resistor. 

Further, an ammeter which is formed by connecting 
a low resistance in parallel with galvanometer is 
required to measure the current through test resistor. 


INTRODUCTORY EXERCISE 
1. R>2Q > 100-x»x 
20 R 


I— x —»]«—100 - x —» 
L 


F— x + 20 —>« 80 — x>] 
POR 
Applyin. € 
pplying ~ 
We have LE. NO 
R 100-x 
LN Sub (ii) 
2 80-x 


Solving Eqs. (1) and (ii), we get, R23 
*. Correct option is (a). 
2. Using the concept of balanced, Wheatstone bridge, 


we have, 
POR 
Qo sS 
X 10 
(52+ 1) (4842) 
gz10*55. 6g 


*. Correct option is (b). 

3. Slide wire bridge is most sensitive when the 
resistance of all the four arms of bridge is same. 
Hence, B is the most accurate answer. 


INTRODUCTORY EXERCISE < 
joe 
Q X 


= (Dr) 


R lies between 142 Q and 143 Q. 


Objective Questions 
R 20 
' 80 80 
R-20Q 


11. Thermal capacity = ms 


= (0.04 kg) (4.2 x 10 J kg! °C) 


=16.8 J/?C 
12. intercepta È 
f 


Therefore, f= ae = ES 
Intercept 0.5 
=2m 
13. Deflection is zero for R = 324 Q 
Now, xel2)ee (=) (324) 
P 100 
-3240 


14. I MSD =- (lem) - 1mm 
10 VSD = 8 MSD 


1VSD= = MSD 
10 


Least count = 1 MSD — 1 VSD 
LC = 1mm — E mm 
10 


2 
=— mm 
10 
2 
LC = — cm = 0.02 cm 
100 


LC 


15. 50 VSD = 49 MSD 


1VSD= ui MSD 
50 


VC =I MSD - 1 VSD 
VC=1MSD — 2? MSD 
50 
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Therefore, the unknown resistance X lies between 
14.2 Q and 14.3 Q. 


2. Experiment can be done in similar manner but now 
K, should be pressed first then K ,. 

3. BC, CD and BA are known resistances. 
The unknown resistance is connected between A 
and D. 


Exercises 


Ans. 


Ans. 


Ans. 


VC= = MSD 
50 


1 MSD = 50 (VC) 
= 50 (0.001 cm) 
1 MSD = 0.5 mm Ans. 


16. Lc- 1 MSD 
n 


Here, n = number of vernier scale divisions 


0.005 cm = U 5 cm] 
n \10 


2 01 1000 
0.005 50 
is n-20 Ans. 
17. 100 VCD = 99 MSD 


1 VSD = 2” MSD 
100 
LC -1MSD -1 VSD 
LC =1MSD - 22 MSD 
100 


LC = 0.01 MSD 
LC-001(lmm)- 001mm Ans. 


0.8 cm 


18. 1VSD= = 0.08 cm 


1 MSD = 0.1 cm 
LC = 1 MSD - 1 VSD 
= 0.1 cm — 0.08 cm 
= 0.02 cm 
19. A=Ixb 


=10x 1.0 =10 cm? 
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2i 0.1 E T4 x10 
10.0 1.00 
=+ 0.2 cm? 


21. Distance moved in one rotation = 0.5 mm 


0.5 mm 


Least count, LC = = 0.01 mm 


50 divisions 


Screw gauge has negative zero error. 


This error is (50 — 20) 0.01 mm or (30) (0.01) mm. 


Thickness of plate 
= (2 x 0.5 mm) + (30 + 20) (0.01 mm) 
=1.5 mm Ans. 


22. 


Solving these two equations, we get 
_hb-3h 
2 
23. e= 2h 
2 


1 
e-lcm-——m 
100 


1 _&-3 (015) 
10 2 
l =047m 
l = 47 cm Ans. 
24. is 9 meic 
340 


Length of air columns may be, 
A Be 23 or 25 cm, 75 cm 125 cm.... 
4 4 4 

Minimum height of water column 

= 120 — maximum height of air column 


2120 - 75 = 45 cm 
25. i= NO 


Now, i= 


26. 


27. 


28. 


29. 


or A=2(,-1) 
Substituting in Eq. (1), we have 
y 
f= 
2 (4-4) 
1 
=> oc 
b-h 
fi 5-h 90-30 3 
fh h-h 30-10 1 


Heat lost by aluminium = 500 x s x (100 — 46.8) cal 
i Heat lost = 26600 s 
Heat gained by water and calorimeter 
= 300 x 1 x (46.8 — 30) 
+ 500 x 0.093 x (46.8 — 30) 
Heat gained = 5040 + 781.2 = 5821.2 
Now, heat lost = Heat gained 
26600 s = 5821.2 
s = 0.22 cal g™' °C)! 
Heat lost = Heat gained 
mS,AT, = ms AT, 
_ MSAT, 
^m ny 
|.05x 42x10! x 3 
02x 77 


5,2 041x10? J kg ! °c! Ans. 


J kg! oc! 


Heat lost = Heat gained 
0.20 x 10? x s(150 — 40) 
= 150 x 1 x (40 — 27) 
+ 0025 x 10? x (40 — 27) 


E Swater elclg (e) 
22000 s 21950 + 325 
22000 s = 2275 


s = 0.10 cal g! CC)! Ans. 


2 R, =R,=R (i) 
When 24 Q is connected in parallel with R,, then the 
balance point is 70 cm, so 


24R 
Rp MAR, 30 


R R 70 


Ce Rp«R) 


30. 


31. 


32. 


33. 


168 = 72+ 3R 
96=3R 
5 R=32Q Ans. 
R, +10 50 =] 
R, 50 
R,+10=R, (i) 
Again, Ri ge 
R 60 3 
A 3R, =2R, 
Substituting the value of R, from Eq. (i), we get 
3R, = 2(R, + 10) 
a R =20 Ans. 
R 20 1| 
R, 80 4 
R, =4R, 
R,+15_ 40 2 
R 60 3 
R, +15 2 
4R 3 
f R =9Q Ans. 
X 20 1 
Y 80 4 
Y=4X 
Since, a = 4 
Y 100-1! 
4X l 
4X 100-1 
21 2100 
| = 50cm Ans. 
For meter bridge to be balanced 
P 40 2 
Q 60 3 
2 
Pc Q 


When Q is shunted, ie. a resistance of 10 Q is 
connected in parallel across Q, the net resistance 


becomes me ; 

+0 
Now, the balance point shifts to 50 cm, i.e. 

P 
"E aj 
100 
10+ Q 
2 10 
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204 20 = 30 
Q=5Q 
and p. Ans. 


Subjective Questions 


2. 


3. 
4. 


8. 


9. 


The bridge method is better because it is the null 
point method which is superior to all other methods. 


Because the graph in this case is a straight line. 


In the case of second resonance, energy gets 
distributed over a larger region and as such second 
resonance becomes feebler. 


The bridge becomes insensitive for too high or too 
low values and the readings become undependable. 
When determining low resistance, the end 
resistance of the meter bridge wire and resistance of 
connecting wires contribute towards the major part 
of error. 


No, the resistance ofthe connecting wires is itself of 
the order of the resistance to be measured. It would 
create uncertainty in the measurement of low 
resistance. 

20 VSD = 19 MSD 


1VSD = 19 MSD 
20 


LC = 1 MSD - 1 VSD 


-1MsD - P. MSD = | MSD 
20 20 
A 
0 


! S rl 1 
The value of one main scale division = 50 cm 


Number of divisions on vernier scale =20 
Value of one main scale division 


LC= 
Number of divisions on vernier scale 
1 
= 20 -l -0.0025 cm Ans. 
20 400 


Value of one main scale division 
Least count = 


Number of divisions on vernier scale 
1mm 01cm 


10 10 
= 0.01 cm 


Ans. 
Reading (diameter) 

= MS reading + (coinciding VS reading x Least 
Count) 
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10. 


11. 


12. 


13. 


— 4.3 cm + (7 x 0.01) 
= 4.3 + 0.07 = 4.37 cm 


Diameter = 4.37 cm 
4.37 


Radius = UE = 2.185 cm 
= 2.18 cm 


To the required number of significant figures. 


Pitch of the screw = Imm 


= 0.5 mm 


Least count — Me 
50 


= 0.01 mm Ans. 


Reading = Linear scale reading 
+ (coinciding circular scale x least count) 
= 3.0 mm + (32 x 0.01) « 3.0 + 0.32 


= 3.32 mm Ans. 
pes! s dg 
50 
Thickness = 5 x 0.5 mm + 34 x 0.01 mm 
= 2.84 mm 
1s Hf L 0.02 mm 
50 


Negative zero error = (50 — 44) x 0.02 = 0.12 mm 
Thickness 
= (3 x 1) mm + (26 x 0.02) mm + 0.12 mm 


= 3.64 mm 
eS 26 nis 
100 


The instrument has a positive zero error, 
e=+n(LC)=+ (6x 0.01) = + 0.06 mm 


or 


14. 


15. 


Linear scale reading = 2 x (1 mm) = 2 mm 
Circular scale reading 
= 62 x (0.01 mm) = 0.62 mm 
Measured reading 
= 2 + 0.62 = 2.62 mm 
True reading 
= 2.62 — 0.06 
= 2.56 mm 
The instrument has a negative error, 
e=(-5 x 0.01) cm 
or e — — 0.05 cm 
Measured reading 
= (2.4 + 6 x 0.01) = 2.46 cm 
True reading = Measured reading — e 
= 2.46 — (-0.05) 
= 2.5] cm 
Therefore, diameter of the sphere is 2.51 cm. 
We have, 
Least count of vernier callipers 


XH drama cii em 
10 
Side of cube = (10) (Imm) + (1) (LC) 
or a=10 nm + 0.1 mm 
or a=10.1 mm 
or a=1.01 cm 
mas m 
~ volume q? 
_ 2.736 
~ (1.01 
= 2.65553 g/cm? 
= 2.66 g/cm? Ans. 


Units and Dimensions 


Ans. 


Ans. 


Ans. 


Exercises 
Single Correct Option [EF 
h [uo]= 2 
1. L2 mig = 
2n 12. - wk is dimensionless 
[L]=[h]=[mvR ] 1 
2. Velocity gradient is change in velocity per unit [k]= m ZH 
depth. a bpe 
3. Coefficient of friction is unitless and dimensionless. Ta DES 
4. Dipole moment = (charge) x (distance) Then, 
2-2 44a -14b -24c 
Electric flux = (electric field) x (area) [MET *]" [LT] [MLT *]" =[M] 
Hence, the correct option is (d). Equating the powers, we get 
_[E]_| MLT? a-lb--2and c=0 
5. [n] x eee zl b : 
iik PET 14. [F" [LI [T 2[M] 
6. a=" [MLT^]" [L] [TY -[M] 
f Equating the powers we get, 
F 
b2— a= 1; b=-1 
2 
and c=2 
eg = ae 45. edge 7^ 
21 
From H 2 PRI à h 
--[e] 
H I 
we have Rz— 27x 
It 16. - ue is dimensionless. 
2 
iet [A]- [x] -[L]- [A] 
17. In option (b), all three are related to each other. 
2 
- l = | 18. [Y]- | X | 3 Capacitance 
MET'E i Z (Magnetic induction)” 
= [M"IL?T?A?] ) [RT 
MLT?ODP? ^| M?g?T2 
8. ó- Bs- m MUT 
IL AL 37 244 
F -[M L'TQ ] 
[g]- LT] 
; MPE 19. c = A= E4 
10. Ifunit of length and time is double, then value of g aa d 
will be halved. A_ Aq 
uo i or €) — = — 
11. B= L AV 
2m r Aq) L 
" "T DE (Aq) 
But - E: (F = ilB) A.(AV) 
i 
AV 
X =€,L — 
F LH i qu s 
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-ADL [AV 

A(AV) At 
but [A4]2 [2] 
Aq 


X = — = current 
At 


Further 


MI 


Dimensions of £0 are that to energy. Hence, 


27-2 
| 


More than One Correct Options 


1. (a) Torque and work both have the dimensions 


[MCT]. 


(d) Light year and wavelength both have the 
dimensions of length i.e. [L] 

. Reynold's number and coefficient of friction are 
dimensionless quantities. 

Curie is the number of atoms decaying per unit time 
and frequency is the number of oscillations per unit 
time. Latent heat and gravitational potential both 
have the same dimension corresponding to energy 
per unit mass. 

weber 


. (a) p= whee 
i ampere 


(b) e= (e Eod dec 
dt (di | dt) 


volt- second 


or henry = 
ampere 
© u-li? = Rd 
2 i 
joul 
or  henry- D 
(ampere) 


(d) U= =P Rt 


~ L= Rt or henry = ohm-second 


4. Fo ah 
4TE, r 
[ep] = iel UTP 
° EF pF] [MLT?][L7] 
= [M^ L? rr] 
1 
Speed of light, c = 
veo Ho 
AE 1 E 1 
"T Telf (ML? TP YLT} 
-[MLT?T?] 


L , . "T 
5. CR and R both are time constants. Their units is 


second. 


= and = have the SI unit (second) !. Further, 
CR L 


resonance frequency © = —— 


VLC 
Match the Columns 
1 
1. =- kT 
(a) U 3 
=> [MET?]-[&][K] 


=> [K]=[MU’T°K?] 


dv 
(b) su ars 
_ [MIT] 
= mi- [Ur] 
-[ML'! T] 
(c) E-hv 
=>  [MPT?]-[A][T! ] 
=> [^] 2 [MP?T!] 
dQ _kAA® 
@) dod 
[MI/T^L] 3-1 
k]- -[MLT?K 
= [k] [UK] [ ] 


2. Angular momentum L = 7c 
[L]2 [Io] [MP ][T ]2 [MT ! ] 
Q 


Latent heat, L = = 
m 


2-2 
> uj [8-57 perm 


m M 


(as Q = mL) 
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Torque t=F XN, 
[t]=[F x , ]=[MLT~][L] 
-[MLT?] 
2 2 
1 
Capacitance C = T asU =— L 
2U 2C 
2 2 
q Q -17 -27202 
^ [C]= l re RS -[M-IL?T?Q?] 
Inductance L- za (s U= m) 
L 
2 
e e 
1 Q t 
MM 
[mr T | [Mg] 
Resistivity p — z (s Rz 2 
- >| B (as H = i°Rt) 
rt 
EHO 63 
ale t 
Day 2247 2 
Z wx |- [MLT Q>] 
The correct table is as under 
Column I Column II 
Angular momentum [MET] 
Latent heat LTY 
Torque [MPT?] 
Capacitance [MM LTY] 
Inductance [M 1°Q7] 
Resistivity [M LTO” 
L 
t A > x. L= tR = ohm-second 
2 
U= 1 
2C 
2 
cate coulomb?/joule 
U 
q=CV 
Cz v = coulomb /volt 
Ls m 


dil dt 


Ls e (di) = volt-second/ampere 
(di) 
F =ilB 
F 
B= F = newton/ampere-metre 
i 
Column I Column II 
Capacitance coulomb/( volt) ! 
coulomb? joule! 
Inductance ohm-second, 
volt second/ampere ' 
Magnetic induction | newton (ampere-metre) | 


. (or Se, 


— Gravitational force between sun and earth 
=> GM,M, = Fr? 
[GM,M,]- [Fr?] 
-[MLT?]I2]- [MD T] 


3RT 
(b) v =; zm = rms speed of gas molecules 


3RT 5 
M = Vims 
3RT 2 = 
| | [Vins ]= ILT P = [PT] 
M 
(c) F = Bqv = magnetic force on a charged particle 
F 
—— = y 
Bq 
F 3 
or EE -[LT ] 
(d) v,= oe = orbital velocity of earth's satellite 
e 
GM, = 
Re 
or |S | =[v2}= T] 
R, 


(p) W =qV = (Coulomb) (Volt) = Joule 


or [(Volt) (Coulomb) (Metre)] = [(Joule) 
(Metre)] 


-[MP?T?][L] 2 [MDT?] 
(q) [(kilogram) (metre)? (second) ?] - [MLT] 
(r) [(metre? (second) ?] - LU T ?] 
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1 
(SU = 5 
> (farad) (volt)? = Joule 
or [(farad) (volt)? (kg) ! ]=[(Joule)(kg) ! ] 
-[MUT?][M^!]- [DT] 


Subjective Questions 


1. 


[a]=[y]=[L] 
=> [or]=[M°L°T? J 
1 zi 

=—=[T 

[o] T [T] 


0 is angle, which is dimension less. 


. IN 210? dyne 


1 m? =10f cm? 


20x10" 
m 


20x10"! x 10° dyne 
10 cm? 
= 20 x 10? dyne/cm? 
1 dyne 210? N 


1cm=10°m 
-. 72 dyne/cm 
272x107 N 


10? m 


= 0.072N 
m 


[h]=[MU’T? ][T] 
- [MUT] 


i Sue ian fua N+ sae | 


[us ar-a] 
2 


Equation is dimensionally correct. 
F/A 


. (a) Young's modulus = —— 


Al/l 
Hence, the MKS units are N/ m?, 


(c) Power of a lens (in dioptre) 
1 


E fin metre) 


7. [T ]- [pd^E^]- [ML T7]^ [MEL? [M T? ]* 


10. 


11. 


Equating the powers of both sides, we have 
a+b+c=0 . (1) 
—a-3b+2c=0 
—2a-2c=1 
Solving these three equations, we have 


fea! He 
6 2 
and m 
3 


[Y]2 [ML T7] 


E _| MLT?L 
nrl LL 


=[ML!T?] 
Dimensions of RHS and LHS are same. Therefore, 
the given equation is dimensionally correct. 
[E]- & [m] [n [a] 
where, k is a dimensionless constant. 
[MDT?]- K[MI' [T [LT 
Solving we get, 
x=1, y=2 


and zi 
E=kmr'a 
Since dimension of 
Fy -[Fv] - [MLT ? [LT ! ]ÁB5BMD?T 2] 


So, E should also be [ML?T?] 
x 
LY aer 
[x] 
[B]- [ML^T?] Ans. 


and [Fv + 2] will also have dimension [ML’T™ ], 
3 


so LHS should also have the same dimension 
[ML T>]. 


] 
[a] 2 [MT ] Ans. 


12. | is 
RTV 


=> [a]=[RTV] 
-[MPT?][U] 
-[MDT?] 
[b] - [V] - [U] 


|- [M°L°T?} 


13. (a) Magnetic flux, 6 = Bs = (E) (s) 
qv 


[as F = Bqv] 
_| Fs |_| MLT°L? 
v p 
-[MUT Q] 


(b) [Rigidity Modulus] = s - l 


MLT? 
-[ML'T?] 
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14. zu is dimensionless. 


la -x 


E sin! Bl has the dimension of [L ! ]. 


x 


dx 
| y2ax =x 


Therefore, | sin! | 


15. 


f dimensionless. 


: = i) should also be 
dimensionless. Hence, n = 0 
16. (a) [density]=[F]* [L] [TF 
[ML?]-[MLT"T [LI [TF 
Equating the powers we get, 
x-ly-2-4andz-2 
[density ]=[FL“T*] 


In the similar manner, other parts can be solved. 


Vectors 


INTRODUCTORY EXERCISE 3. A-2B« 3C = Qi 3j)—2(i+ j) + 3k 
3. Apply R = 47+ B?+ 24B cos 0 = (j+3k) 
4. Apply S 2 4/4? B? - 24B cos ^ |A-2B+3C|= JY  GY 


= J10 units 


4. (a) Antiparallel vectors 
(b) Perpendicular vectors 


5. R=S 4 A^ + B?+2AB cos 


= A? + B! -24B cos 0 


Solving we get, cos0 20 or 0-90? (c) A lies in x - yplane and B is along positive 
z- direction. So, they are mutually perpendicular 
vectors 
INTRODUCTORY EXERCISE (d) " 
1. 4or|A| 2 4 (3 + (-4Y) + (5 = 54/2 units 
Directions of cosines are, 
3 
C080 = — = —— 
5/2 
A, 4 a 
cosp-2 — =—— and -3 
A 542 
cos y = I 
A 42 
2. AY 0 7 135 
INTRODUCTORY EXERCISE 
3. A- B- AB cos0 
>x ^ ^ 
4. 2A - 4i - 2j 
-3B--3j- 3k 
i j k 
= (2A)x(-3B)=|4 -2 0 
f US 0 -3 -3 
F. —10 cos 60°=5N (along negative x-direction) 
F,=10sin60°= 54/3 N (along negative y-direction) -i(6—0)4 j(04- 12) - k(-12—- 0) = 6i + 12j - 12k 
Exercises 
Single Correct Option 11. t=rxF 
6. A. B- AB cos i j k 
= (3) (5) cos 60° = 7.5 Z3 2 3 
9. [A x B| = AB sin 9. 23° .4 


0<sinð <1 
5 0<|AxB|< AB 
10. W =F-s=9+16=25) Ans. 


=i (8+ 9)+ j(6-12)+k (-9 — 4) 
=(17i — 6j - 13K) N-m Ans. 


12 


13. 


14. 


15. 


16. 


17. 
18. 


20. 


21. 


22. 


23. 


24. 


25. 


40.5. + (0.8 + e 21 Ans. 
R-4 A e A? + 2 AA cos 
R = Aat0 — 120? Ans. 
Qi + 3j + 8k) (4i - 4j ak) 20 
8—124 8a 20 
a= Ans. 
A-B=9+ 16-—25=0 
-. Angle between A and B is 90°. Ans. 
A+Bz=7 
and A-B=3 
A-5and B=2 Ans. 
P1Q=P-Q=0 
S—-ry —r, 
- (22i + 6j + 4k) - Gj - K) 
--2i + 3j+5k Ans. 
A+B+C=0 
= C=-(A+B) 
or |C|=|-(A + B) 
or A~BSCSA+B 


Resultant is always inclined towards a vector of 
larger magnitude. 


A=|Al= 4GY + (6) + QY 
=7 


3 (4) n B 
Q = cos ~ | = cos 
A 7 


= angle of A with positive x-axis. 


Similarly, B and y angles. 
R-A-4 B- 12i « 5j 


R-|R|-4(2) + Y 


=13 
R-R 
R 
Component of A along B 
— A cos 0 
AB 2*3 5 ne 
B fi+1 42 


C? = A? + B? + 24B cos0 
At02905; C? = A? + B? 


26. 


27. 


28. 


29. 


30. 


31. 


32. 
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|Ax B|2 43 A-B 
= AB sin0 - 43 AB cos 
or tan 0 = /3 
=> 8 = 60° 
|A + B |= 44° + B? + 24B cos 60° 


=, 4° + B? + AB 
(B x A) is Lto both A and B 
(Bx A)-A=0 


R - JP? + Q? + 2PQ cos® 

Substituting the values of P, Q and R we get, 
cos 8 =0 

> 6 = 90? 


[P|2 |Q| 2 x 
IRI - V2 x 
(P +Q) P-Q) 
= P? + PO cos0 — PO cos 8 - Q? 


-p.g 
Since dot product may be positive (if P » Q), 
negative (if Q > P) or zero (if P= Q). Therefore 
angle between (P + Q) and (P — Q) may be acute, 
obtuse or 90°. 
Scalar triple product of three vectors 
= volume of parallel applied = 0 


2 3 —2 
5 n 1 |=0 
-1 2 3 


Solving this equation, we get 
n=18 
(a + b) x (a — b) 
=axa-—axb+ bxa-—bxb 
-2(bxa) 
As a x a and b x bare two null vectors 
and-ax b= bxa 
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33. R= JGP? + QPY-2(3P)QP)cos0 .(i) 
2R = JP» + PY +2(6P)(2P)cos® (iù 
Solving these two equations we get, 

coi’ or 02120? 
2 
R= 2x cos 0 
w < X 
2x sin 0 

2x sin@ =x 

0 = 30? 
or a = 120° Ans. 
35. A-B=0 

ALB 

A-C= 
ALC 


A is perpendicular to both B and C and B x C is also 
perpendicular to both B and C. Therefore, A is 


parallel to B x C. 
36. i 
B ISBN B cos 0 = 8N 
| | 
>A < > 
B sin 0 A 
A+ B=16 (i) 
Bsin0-A 
and B cos0-8 
Squaring and adding these two equations, we get 
B? = 4^4 64 (ii) 
Solving Eqs. (1) and (ii), we get 
A=6N and B=10N Ans. 


37. (A+ B) L (A-B) 
(A + B): (A- B) 20 
A? + BA cos 0 — AB cos 0 — B? =0 
or A=B Ans. 
38. 4~B<C<A+B 
39. A~B<SC<A+B 


Match the Columns 


1. (a) AB sin 0 = | AB cos 0| 
tanQ-t1 
> y= 45? 
or 135° Ans. 


(b) If A and B are parallel or antiparallel to each 
other then their cross product is a null vector and 
they may be said to be equal otherwise for any other 
angle, 

AXB=—-BxA 


(c) | A? + B? + 24B cos ® 


= 44? + B! - 24B cos 0 
ES cos0 2 0 
or 0 = 90° Ans. 
(d) A+ B =C only at0 = 0° 


Subjective Questions 


1. 0- (422) 
ab 


2. Ifthe angle between A and B is 0, the cross product 
will have a magnitude 


|A x B| = AB sin 0 


Or 15-25x6sin0 
Or sin 0 — l 
2 
Thus, 6 = 30° 
or 150° 


5. The angle between the force F and the displacement 
r is 180°. Thus, the work done is 


W=F-r 
= Fr cos 0 
= (12 N) (2.0 m) (cos 180?) 
-—24 N-m 2-24 J 
6. Ax B is perpendicular to both A and B. So this is 


parallel or antiparallel to C. Now, cross product of 
two parallel or antiparallel vectors is zero. Hence, 


C x (Ax B)=0. 
7. Ax B is perpendicular to A. Now, dot product of 
two perpendicular vectors is zero. Hence, 
A-(Ax B)=0 
8. S=S,+8,+S8, 
- [(5cos37?)i + (Ssin37°)j] + 3i + 2j 
- (4i + 3j) + 3i « 2j 
=(7i + 5j)m 


5m 


S= (TF + (5? =V74m 


10. 


11. 


12. 


13. 


14. 


15. 


tan0 = 


or 0- w^ (2) 
7 


M | tA 


. Suppose a is the angle between A and B and D the 


angle between C and B. Buta + p. 


Given that, 

A:-B=C-B 
> AB cosa = CB cosh 
> Acosa =C cosB 


or A#Casa#B 
A+B=R=3i+ j, 
A-B=S=i+ 5j 

Now, angle between R and S is 


0 = cos! (52) 
RS 


Ratio of their coefficients should be same. 


2 3 -4 

3 -a b 
E a --—4.5 
and b=-6 

ij k 
AxB=|2 4 —6 

1 0 2 


=i (8-0) + j(6-4) +k (0-4) 
= 8i - 10j - 4k 
Area of parallelogram = |A x B| 
= ¥(8) + 10y + (4) 
= 13.4 units Ans. 


See the hint of Q-23 of objective type problems. 


2-3. 7 
A-(BxC)=/1 0 2 
0. I =l 
-2(0-2)-3(0-1)9 7 (1—0) 
=-4-34+7=0 
(aj) A+ B=R 
R, =A, + B, 
B,=R,- A, =10-4=6m 
Similarly, 


By=R,-A,=9-6=3m 


(b) B= Je + B = [6+ Y, 


16. 


17. 


18. 


19. 


20. 


21. 
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2345m 

B, 
iube aiu 

B 6 2 


0 = tan! (2) 
2 


(a)at+ b+ c=P =i -2j 
(b)a+ b-c=i+4j=Q 


(c) Angle between P and Q is, 0 = cos ! e 
PQ 

R =[(10cos30°)i + (10cos60*)j] 

+ [(10cos60°)i + (10cos30°)j] 

= 10(cos30° + cos 60? nn + 10(cos 60°+ cos 30°)j 

= 10(2cos45° cos15?)i + 10(cos45° cos15°)j 

= 20 cos45? cos15°i + 20 cos 45° cos15°j 

=Rit R,j 


Here, R, =R, =10V2cos15° 


|R| 2 JR? + R7 = 20cos15? 


Since, R,- R,, therefore, 0 = 45° 
Their x components should be equal and opposite. 


6cos0 2—4 


or 0- UE 
3 


Component of A along another vector (say B ) is 
: A-B 
given by, A cos 0 = —— 
B 
Find A x B and then prove that (A x B): A = 0 and 
(Ax B) B=0. 
It means (A x B) Lto both A and B. 


D 
A 


R-xcos0 
Or Tix cos 0 
2 
cos0 = l 
2 
or 0 = 60° 
a = 150° Ans. 
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22. y 
3P 
4P 2P 
O 5 X 
R = (Bi + 2Pj - 3Pi - APj) 
= (-2Bi - 2Pj) 
IR|=./(2P)? + QPY 

= 2/2 P Ans. 
23. R? 2 P? + Q? + 2PQ cos® (i) 
S? = P? + Q? - 2PQ cos (ii) 


Adding these two equations we get, 
R? +S? z22(P«Q) 


24. From polygon law of vector addition we can see 
that, 


AB+ BC+ CA=0 
n ci + (asin Bj-— a cos Bi) 
+ (—b cos Ai — b sin Aj) =0 
ER (c—acos B — b cos A)i 


+ (asin B- bsin A) j=0 


Putting coefficient of i = 0, we find that 
a b 


sind sinB 
Now taking B as origin and BC as the x-axis, we can 
prove other relation. 


Kinematics 


INTRODUCTORY EXERCISE 

. (a) v-a=6-4-4=-2 m?/s? 

(b) Since dot product is negative. So angle between 
vand a is obtuse. 


(c) As angle between vand a at this instant is obtuse, 
speed is decreasing. 


INTRODUCTORY EXERCISE 
. vand a both are constant vectors. Further, these two 
vectors are antiparallel. 


. ais function of time and wand a are neither parallel 
nor antiparallel. 


INTRODUCTORY EXERCISE 
. Distance may be greater than or equal to magnitude 
of displacement. 


. Constant velocity means constant speed in same 
direction. Further if any physical quantity has a 
constant value (here, the velocity) then its average 
value in any interval of time is equal to that constant 
value 

. Stone comes under gravity 

F-mg 


or a=— =g Ans. 


Total distance d 

Total time t 
_ (20R/4)_TR m(2)0) 
15 30 30 


=Z (=) cm/s Ans. 
15 


Total displacement _ s 


Average speed = 


Average velocity = 


Total time f 
= 2 m SED - = cm/s Ans. 


d 
1. Average speed = "us 


5. (a) Onacurvilinear path (a path which is not straight 


line), even if speed is constant, velocity will change 
due to change in direction. 
Er azÜ 
(b) (1) On a curved path velocity will definitely 
change (at least due to change in direction). 
S az 
(ii) In projectile motion, path is curved, but 
acceleration is constant (= g). 
(ii) Variable acceleration on curved path is 


definitely possible. 
B. P2735 Ans. 
y 


(b) (1) Since speed is constant. Therefore, 
average speed — constant speed 
=1.0 cm/s Ans. 


s. V2R _4J2R 


ii) Average velocity = 
Q) B Yt quU) T 


_ 002)0.0) _ 
25.13 
(iii) Velocity vector will rotate 90° 
|Av| = p + v? — 2w cos 90° 
=42v 
_ldvi_ y2» _ 442v 
At (T/4) T 


= (42)(1.0) = (0.23 cm/s? Ans. 
25.13 


0.9 cm/s Ans. 


[aay | 


INTRODUCTORY EXERCISE 
d, +d, 
hth 


— Vib + vb 

7 {ith 

_ (4x2) +4 (6x3) 

i 243 

= 5.2 m/s Ans. 
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2. m 2 mis C d4 D ada 
di ‘amis’ 6mis 
| 
t t 
2t=d, xQ) 
(4/4) , Qd/4) _ 
4 6 
3d - 
— — mf (ii 
is (ii) 
Avea ad= total distance 
total time 
16t 
d. uud 
2t 2t 
- a m/s 
3 
INTRODUCTORY EXERCISE 


1. S, = (displacement upto t second) 
— [displacement upto (t — 1) sec] 


[u (7 1)4 ja y] 


1-5 
= (ut t —at 
( 3 ) 


1 
—u-c-at—-—a 
2 
2. s SLE x K 1) +4 ati | 
os, Eo b 
- (uy) + = ; 05 - ; eX 


The first term is (u) (1), which we are writing only u. 
Dimensions of u are [LT !] and dimensions of 1 


(which is actually 1 second) are [T] 
(MO) - [LT TIT] 
=[L]=s, 
Therefore dimension of (u) (1) are same as the 


dimensions of s,. Same logic can be applied with 
other terms too. 

5. In 4 s, it reaches upto the highest point and then 
changes its direction of motion. 


s=utt i at’ = (40) (6) + i (-10) (6 


=60m Ans. 
2| |1 
d = |s|o-4 + |Sla6 =|=] + =g (t- by)” 
7 p 2g| 12 
- oy +1x10x(6-4)}=100m Ans. 
2x10 2 


10. 


P ut + — at 
Ugy F : —ud at 
v=u+ at 


i.e. v-t function is linear. In linear function, 
(final value + initial value) 


average value = 


2 
= TUE dd n 
n 2h — e x125 _ 
Vay = E. jm. — 25 m/s (downwards) 
I 2 
(a) S —ut * — at 
2 
-(25x D+ (0.5) (2)° 
=6m= PE also 
(b) v=u+t at 
75:2. 05xf => f=10s 
(c) y? 2a? + 2as 
(7.5)° = (2.5. + (2) (0.5)s 
=> s = 50 m = distance also 
2 2 
(a)h=—= 60)" sm 
2g 2x10 
(b) Time of ascent = ‘= 2u =5s 
g 10 


(c) v =u +2as= (50) + 2(-10) (=) 
Solving, we get speed v = 35 m/s 


INTRODUCTORY EXERCISE 


dv 
. (a) a=— =5-2t 
(a) di 


At t=2s 
a-21m/s? 
3 3 
(b) x =| vdt - [ao^ 5t — ê) dt 
0 0 


3 3 
- 10:£4252-£ 
3 0 


3 
= (10 x 3) + (2.5) BY - H 


= 43.5 m 


Ans. 


Ans. 


Ans. 


Ans. 


Ans. 
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2. (a) Acceleration of particle, INTRODUCTORY EXERCISE 
a=® = (6+ 181) cm/s? 1. u=2i 
dt 1 


At £— 3s, 2 m/s? 
a — (64-18 x 3)em/s? 
= 60cm/s? 
^ 
(b) Given, v = (3 + 6t + 9f)cm/s ! She “ooo 
ds 2 
— =(3+ 6t * 9t ^ ^ 
B q mas a = (2cos60?) i + (2sin 60°) j 
or ds = (3 + 6t + 92) dt -üc43p 
5 8 
[ds - f, G+ 6r+ 97) dt t=2s 
eee (i) v=u + at = Qi) + (à + J3j) Q) 
s=[3t+ 3P +37. AR, 
= 1287 
ee a eo Iv + QX3y 
3. (a) Position, x = (2t — 3)* 
4 =2V7 m/s Ans. 
X 
i =2 24 (2-3 " " x n 
Velocity, v a ( )m/s TT i ac - Qi) (2) + i G+ 435p Q*. 
and acceleration, a-t - 8 m/s? - (6i + 2V3j) 
t 
. = 2 2 
Att=2s, ^o |si= (6) + QJ3) 
x=(2x2-3Y . =4V3 m Ans. 
2. v- Qi + 2tj 
-].0m ( d p 
á v ^ 
v24(2x2-3) (i) a = 77 = Qj) m/s? = constant 
=4 m/s E! v=u + af can be applied. 
B 5 1 Y a EN 
Sua gos (ii) s = f vdt = [ Qi + 26) ar (2i + P300 
(b) At origin, x 2 0 0 0 
or (2t-3)=0 =(2i+ j)m Ans. 
Vi t 
U Modus kee 3. [àv | adt = | Qå + 3? at 
4. (a) Att =0, x = 2.0 m Ans. ji i 
(b) v= — -2t4 6f Solving we get v = 2i +ri+ Pj 
t A OA 
Att=0,v=0 Ans: Att=1s, v=(3i+ j) m/s 
t t t 
(Das aeg. [ ar» | vdt = [tg P+ Pilar 
dt 0 0 0 
At t=2s B "t it^ 
ra " n 
a= 26 m/s” Ans. => Del + 41! 
5. v« p 
AGsii e isti 
a-t => ae ; 3 4 
t 


7/4 Therefore, the co-ordinates are (s. 1 m 
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-— 


2. 


3. 


INTRODUCTORY EXERCISE 
(b) v = Slope of x - t graph 


. Distance travelled = displacement 


= area under v - t graph 
Acceleration = Slope of v - t graph 


. Acceleration = Slope of v - t graph 


Distance travelled = displacement 


= area under v - t graph 


(a) Average velocity — San 
t 


— X10 sec 7 X0 sec _ 100 
10 10 
(b) Instantaneous velocity = Slope of x - t graph 


=10m/s 


. From 0 to 20 s, 


displacement s, = area under v - t graph 
=+50m 
From 20 to 40 s, 
displacement s, = area under v - t graph 
-—50m 
Total distance travelled = s, + |s,|= 100 m 


(as vis negative) 


(as vis negative) 
, S S5 
Average velocity = — = 2 
t t 


_ 50-50 _ 
40 


0 


INTRODUCTORY EXERCISE 


- v4 = Slope of A -i-04 m/s 


vg = Slope of B = E =2.4m/s 


<. Vag =V4-Vg ——2 m/s 
Q4—-üag-g (downwards) 
ajg = 44 —ag=0 Ans. 
40 
(a) feo Lais Ans. 
10 


(b) BC = (2 m/s) (t) 
=2x40=80m Ans. 


4. Applying sine law in AABC, we have 


150 ve 20 
sin (150° — 0) 


sin30?  sinO 

From first and third we have, 
20sin30° 1 
150 15 


sin (150? — 0) = 


1509-0 = sin! s) Ans. 


Hence, we can see that direction of 150 m/s is 


150° —0 E sin | 5) , east of the line AB 
(b) 150° — 6 = sin! (=) 23.8? 
15 


0 2146.2? 
From first and second relation, 
150 sin 
y —-————— 
sin 30? 
Substituting the values we get, 
y 2167 m/s 
_ AB 
v 


. 500 x 1000 
167 x 60 


t 


min = 49.9 min 


= 50 min Ans. 


5. Let v, = velocity of river 
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ENERO 2 
Vp = NVbr — Vr 


v,, = velocity of river in still water and 
br » Now, pee S ... (iii) 
@ = width of river Vp v =v? 
A : (A) s 
Given, fmin =10min or Vip = -0 Solving these three equations, we get 
vy, = 20 m/min, 
A v, =12 m/min 
and œ = 200m 
Vbr @ 6. 
A 2V2 m/s —> 
[0] 
For minimum time =F 
— 
Drift in this case will be, 45° 
x=v,t ' 3 m/s 
2 
" 120 = 10v, ... (ii) p 
Shortest path is taken when v, is along AB. In this 
case, 
v B 5 m/s 
Net velocity 
of boatman 
Vor Vb 
20 
disc" =10s 
F 2 2 
Shortest path (b) Drift = 5t = 50m 
Exercises 
LEVEL 1 


Assertion and Reason 
1. a=-2(i- j)=-2v 


i,e. a and v are constant vectors and antiparallel to 
each other. So motion is one dimensional. First 
retarded then accelerated in opposite direction. 


2. In the given situation, v-t graph is a straight line. 
But s-t graph is also a straight line. 
v S 


v= constant = vo S= vot 


3. Average velocity = i 
t 


_ area of v-t graph 
t 


(iw) 
LAO 70] _v 


fo 2 


4. Itis not necessary that if v = 0 then acceleration is 
also zero. If a particle is thrown upwards, then at 
highest point v = 0 but a # 0. 


5. If acceleration is in opposite direction of velocity 
then speed will be decreasing even if magnitude of 
acceleration is increasing. 


6. a= 2t + constant 


Therefore, velocity will not increase at a constant 
rate. 


7. Ifa particle is projected upwards then s = 0, when it 
returns back to its initial position. 
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Average velocity = $29 
t 


But its acceleration is constant = g 
8. At point A, sign of slope of s-t graph is not changing. 
Therefore, sign of velocity is not changing. 


9. y= SL = 0-8) 
d 

yy = 2 (24 8t 

= ( ) 


& Vig = Vy — v, = (4 - 16t) 
v1? does not keep on increasing. 


10. a22 
dt 


So, direction of a and d vis same. 


11. i= pn. 
g & 


Velocity of second particle at height : is, 


v= yw - 2g (h/2) 


-Agh- gh —-0 


or i is its highest point. 


u 
e s UI 
g E E 
=> t= 
mg F 


12. a= 


F a 
= g — — = depends on m | bi 
m 


Since m, # m; 


mg 
d, # d, 


or t x f 


Single Correct Option 


1. Packet comes under gravity. Therefore only force is 

mg. 
a= a ae g (downwards) 
m m 

2. Air resistance (let F ) is always opposite to motion 
(or velocity) 
Retardation in upward journey 

Big. oy QE 


m m 


a 


V Fo 
Fy mg mg V 
Upward Downward 
journey journey 


Acceleration in downward journey 


mg — F. F, 
a= & 22g- 2 
m m 
Since, a>a > <D 
s 2unR  Qm)() (m cns 
T 60 


In 15 s, velocity vector (of same magnitude) will 
rotate 90?. 


lAv| |v; - v;|= J* + v? — 2vv cos 90? 


-JI yo 02 als Ans. 
30 
2 
pa oruxvh 
2g 
oet uu 
t t+h 
21= (18) (11) + (42) (v) 
60 
> y=25.3 m/s Ans. 
. v=% =32 -82 
dt 
v=0 at t=2s 
pe cc 
dt 
at t=2s, a-—32 m/s? Ans. 
. a=bt 
Way 
dt 
v t 
or | dv = fep dt 
vo 0 
bi? 
ub diem 
t t 
LSIDESE 
0 0 
bt 
ee ee 


10. 


ibe: 
le 


Let tọ is the interval between two drops. Then 
Lest 
t =0.5s 
a drop has taken 1, time to fall. Therefore distance 
fallen, 


- aL 2 
4-7 gi (5) ans 


=1.25m 
Height from ground = h — d 
=5-1.25 


=3.75m Ans. 


1 2 1 2 
. — gf) 220(t-1) + — g(t-1 
z8 (t —1) ;& ) 


Solving this equation we get, 
t-1.5s 


Now, 4-20(-1)* 5 gt - * 


=11.25cm Ans. 


dx 
y, = - (8-2 
DF ( ) 


jé-[e-24 


14 2 
x-14 = (4? - 2t) - (12) 
x-240-2t42 NO 


jo = | 2dt 
4 2 


—4z2t-4 
or y=2t 


Substituting this value of t in Eq. (1) we have, 


x2y-y-2 Ans. 


12. 


13. 


14. 


15. 
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dx 
y, -2—25 
~ dt 
-2 
” dt 
=(4t+1) 
At 45°, Vv, = Vy 
=> t-ls Ans. 
Tp? 
h=— eT 
2 E 
T : 
At 5 second, distance fallen 
1 (T h 
d = — E. 
2 4 "| 9 
. 8h 
- Height from ground 24 — d CS Ans. 
It should follow the path POR. 
Ans. 
At4s 
u =at = 8 m/s 
s =lat =1x2x4?=16m 
2 2 
From 4s to 8s 
a = 0, v = constant = 8 m/s 
nA Sy = vt = (8(4) 2 32m 
From 8s to 12 s 
54-5, =16m 
Stotal = 5, + S2 + S3 = 64 m Ans. 


Retardation is double. Therefore retardation time 
will be half. 


Let t; = acceleration time 


f, : : 
Then ^ = retardation time 
t, 
yt tat 
2 
ess 2t 
E 
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Now, S=S, + 85 


2 
- Bo " (jes(4) 


= — Ans. 


16. At the time of overtaking, 
S| = 82 
TR jl 
2ut + — at^ = ut + — (2a)t 
2 2 
_ 2u 


t 
a 


5 
s,(or Sy) = Cuf 2 + : «(2 


2 
_ bu" 


a 


Ans. 


_ 80m _ 8 


= =—s. 
30m/s 3 


Now in vertical direction 


"E^ 


a, 


17. 


ta, 
or u, = — 
2 
|. (8/3) (10) 
2 


= E m/s Ans. 


(a.=g=10 m/s?) 


18. s= net area of v-t graph 


At2s,net area = 0 
2 s=0 
and the particle crosses its initial position. 


19. Total height = 15 + — 
2g 
2 
Las, 00 
2x10 
or h=20m 


Initial velocity u =./2gh 


=,/2x10x 20 


= 20 m/s 


Now applying 
v =u + at,wehave 
y = (+ 20) + (-10) (3) 


=- 10 m/s 
-. Velocity is 10 m/s, downwards. 
20. gs 20247 
dt 
v 2 
—5y? - [at 
10 0 
Vio 
CC 
v 10 
or v=2.0 m/s 
21. d=d,+4d, 
và v 
2a, 2a 
| (0) " (20) 
2x2 (2x1) 
=225m 
22. $1755 


(40) 1-5 x 10x = 40) (1-2) 


1 2 
——x10x(t-2 
5 (t — 2) 


Solving this equation, we get 
t=5s 


Then 5 = (40) (5) - 5 x10x (5) 
=75m 
23. 4-2s( og 
Free fall 
Fo A Q 
T-t |g 
ae 
H 
t oA 


Ans. 


Ans. 


Ans. 


24. x- L 
2 
: E _, re * og 
dt 8 
_ dy p 
Fog 
Att=2s 
v, = 2 m/s 
and v, =4 m/s 
v2 vi e vj Qi + 4j) m/s 
25. Vx =1t+3 
x=(t+ 3y 
dx 
or po 
-2 (t3) 
= v-tequation is linear Ans. 


26. Av- v, — v; = area under a-t graph 


y; =0 
— Vy — area 
= 40 + 50 
= 90 m/s Ans. 


27. v =25+ 25s 
or v? = (5)? + 2 (12.5) s 
Now compare with v? = i? + 2as 
28. Retardation during upward motion 
a, 21042 
=12 m/s? 


2 m/s? 


A |æ 


10 m/s? 2 m/s? 10 m/s? 


Acceleration during downward motion, 
a =10—2=8 m/s’ 


2s 
t=,|/— 
a 


1 
or t x — 


Ja 


t 
ce Es -P Ans. 
t Ya Vi2 V3 
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29. F =3ť -32 


j= = (0.3 2 — 3.2) 
m 
5 


[a= f at= [os Ê- 3.2) dt 
0 


10 0 
v-10=-3.5 
v=6.5 m/s Ans. 
30. =v - 2g (4) 


(10 = i? — gh 
u? = (100 + gh) 


Nee. _ Ê _ 100+ gh 
2g 2g 
h 2 
jene (as 2g = 20 m/s^) 
h=10m Ans. 


Subjective Questions 


1. (a) 


is the magnitude of total acceleration. 


d|v| 


While —— represents the time rate of change of 
t 


ES: 
dt 


speed (called the tangential acceleration, a 
component of total acceleration) as | v|= v. 
(b) These two are equal in case of one dimensional 


motion. 
2. (a) x 2t pe 
2 
x? 
2 
=f or y=|=— 
y »-( 
x? =4 y is the trajectory Ans. 
(b) r=xi+ yj =(2ri)+ (Pj) 
Le 21j) units Ans. 
dt 
(act Qj) units Ans. 
dt 
N 
Ww E 
S 
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(a) Distance = AB + BC + CD 
= (500 + 400 + 200) =1100m 


b) Displacement= AD = 4 (4B —CDY + BC? 
( p 


= (500 — 200} + (400)? 


= 500m 
(c) Average speed = otal disiance 
Total time 
= E = 55m/min 
20 


: AD 
(d) Average velocity = -- 


- = = 25 m/min (along AD) 


4. (a) The distance travelled by the rocket in 1 min 
(= 60 s) in which resultant acceleration is vertically 
upwards and 10 m/ s? will be 


h = (1/2) x 10 x 60? = 18000 m=18km ...(i) 
and velocity acquired by it will be 

v=10x 60 = 600 m/s .. (ii) 

Now, after 1 min the rocket moves vertically up 

with velocity of 600 m/s and acceleration due to 

gravity opposes its motion. So, it will go to a 

height h, till its velocity becomes zero such that 

0 = (600)? — 2gh, 
or fy =18000m[as g-10m/s] ...(ii) 
=18km 

So, from Eqs. (i) and (iii) the maximum height 
reached by the rocket from the ground 

h=h +h, =18 + 18 = 36 km Ans. 

(b) As after burning of fuel the initial velocity from 

Eq. (ii) is 600 m/s and gravity opposes the 


motion of rocket, so the time taken by it to reach 
the maximum height (for which v = 0), 


0 = 600 — gt 
or t=60s 
i.e. after finishing fuel the rocket further goes up 
for 60 s, or 1 min. Ans. 
2 2 
5, pe 00 -20m 
2g 2x10 
20 m/s 
I 
60m 


Let tbe the time when particle collides with ground. 


i , 1 
Then using the equation s = ut + 3 at? 
1 
we have, —60 = (20) t + s (10) 2 
Solving this equation, we get 


t=6s 
Total distance 


a) Average speed = 
M is Total time 
20 20+ 60 
6 
= 16.67 m/s Ans. 
: 60 
(b) Average velocity — : - um 


— 10 m/s (downwards) Ans. 
Total displacement 


6. Average velocity = - 
Total time 


_ Vlg + 2vfg + 3vT 
fott+T 


2.5v 


Solving, we get 
T=4t Ans. 
7. Retardation time is 8 s (double). Therefore, 
retardation should be half or 2 m/s’. 


sı = acceleration displacement 


l a t= x 4x (4}=32m 


Sy = retardation displacement 


x 2 x (8) = 64m 


Xp- p. 0-0 
t 12 

(b) and (c) d = s = s; + s, 296m 

Average speed = Average velocity 


0 Ans. 


(a) Aay 


m. 
t 
or Val dus Ans. 
t 12 
2244.21 
au © (2) (5 
8. T -6s 
v 1 
tye” 
3 


Particle will rotate by 120°. 


2R sin — 
(a) Vay = 7 = t (0 = 120°) 
ABQ 
= VBR = did / Ans. 
t 
(b) [^v | iv? + y? — 2w cos 120° 
Qay = = 
t 
-Br B ag Ans. 
t 


9. At minimum distance, their velocities are same, 


v4=Vg Or Uy t+ ajt=ug + agt 


or (3+?f)=(4+2t) or t=2s 


Minimum distance, dwn = Initial distance — 
extra displacement of A upto this instant due to its 


greater speed 


-10- (s, - sp) 


=10+ sp — S4 
1 2 1 j 
Apt ujt +4 a,t 
z” ) (v z“ 


[us t 


-104 |o (2)+ i Q) o : [o Q)* i () o 


=10 


=8m Ans. 
10. Given A, - ^, =10m 
| O6 
I g 4 2 
— et ——g(t-ly =10 
5 5 & ) 
Solving equation, we gett = 15 s Ans. 


11. Atthe time of collision, 
ea 


1 1 
vol 7 gf = v (—8)-5g 0-0) 


12. 


13. 


14. 


15. 


16. 
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Solving this equation we get, 
£z Sa o 
g 2 
(a) Velocity = slope of s-t graph 


Ans. 


-. Sign of velocity = sign of slope of s-t graph 

(b) Let us discuss any one of them, let the portion 
cd, slope of s-t graph (= velocity ) of this 
region is negative but increasing in magnitude. 
Therefore velocity is negative but increasing. 
Therefore sign of velocity and acceleration 
both are negative. 

Displacement s = net area of v-t graph 


= 40 + 40+ 40-20-2100 m 
Distance d = |Total area | 
= 40 + 40+ 40+ 20=140m 


: 100 50 
(a) Average velocity = 32-7 m/s Ans. 
t 14 7 
d 140 
(b) Average speed = — = mw 10 m/s Ans. 
t 
v, = speed of person 
v, = speed of escalator 
l 
v=— and v =— 
ti b 
l l 
f= = 
vtv d l 
i b 
tb _ 20x60 .. Ang 
t +t, 90+ 60 


At time t=1¢,, slope of s-t graph (= velocity ) is 
positive and increasing. Therefore velocity is 
positive and acceleration is also positive. 

At time £— t5, slope is negative but decreasing 
(in magnitude). Therefore velocity is negative but 
decreasing in magnitude. Hence, acceleration is 
positive. 


Comparing with v = u + at, we have, 


u=40m/s and a=-10 m/s? 


X=-60m X=0 X=+60m 
t=0 


<a O E 


l 
l 
113 bi 


Distance of 60 m from origin may be at x = + 60 m 
and x = — 60 m. 
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17. 


From the figure, we can see that at these two points 
particle is at three times, ¢,, t; and f. 


For X =+ 60 m or f, and 6 


l 2 
$ — ut t — at 
2 


=> 60 = (+40) t + i (-10) 2 


Solving this equation, we get 


t, - 2sandt, — 6s Ans. 


For X — — 60 m or £, 


l 2 
S — ut t — at 
2 


60 = (+40) r+ E 10 e 


Solving this equation, we get positive value of ft as 
4227s Ans. 


Displacement — Area under velocity-time graph 


Hence, — 59,25 X2x10-10m 
Syp =2X10=20m 
or Soag =10+ 20 = 30 m 
Sac =3 X 2(10 + 20)=30m 
or Soagc =30 + 30=60m 
and sep = 5 X 2X 20= 20m 
or So4gcp = 60+ 20 = 80 m 


S (m) 


i t(s) 


l 

l 
2 4 6 
Between 0 to 2 s and 4 to 6 s motion is accelerated, 
hence displacement-time graph is a parabola. 
Between 2 to 4s motion is uniform, so 
displacement-time graph will be a straight line. 
Between 6 to 8s motion is decelerated hence 
displacement-time graph is again a parabola but 
inverted in shape. At the end of 8 s velocity is zero, 
therefore, slope of displacement-time graph should 
be zero. The corresponding graph is shown in above 
figure. 


Vp —Vi Vig — V 
18. aja, = = 6 
C) day t 12-6 
= mee (20) -—5m/s? Ans. 
(b) Av=v,—v, = net area of a-t graph 
f i grap 
Vig — Vp = 40 + 30 + 40 — 20 = 90 
But yo =0 
: V14 = 90 m/s Ans. 
r,—r, 
19. (a) vss M 
t t 
| (6i - 4p - € 2j) 
4 
= (125i + 0.5j) m/s Ans. 
A Vy Vi 
(b) an= l 
t 
| Qi + 10j) - (4i + 6j) 
4 
= (-05i + j) m/s? Ans. 


(c) We cannot calculate the distance travelled from 
the given data. 


20. In falling 5 m, first stone will take 1 s (from 
ped p) 
2 E 


First stone, 


& 


Second stone, (t—1) = ee) (ii) 
& 


Solving these equations, we get 


h=45m Ans. 


21. If we start time calculations from point P and apply 
the equation, 


E ———- V= alo 
P 1 32 a 
k 2 alo >| 
1 
s=ut+—at’ 
2 


Z ag) = (tatg) t + E (7a) 2 


Solving we get, t= Q2 t D) fg 
=2.414 to 
Total time, T — f + f, 


= (3.414) h Ans. 


23. 


24. 


25. 


(a) h2 154 — 
2 
=15+ 6) 
2x10 
= 16.25 m Ans. 
(b)¢ = 2h | [2 x 16.25 18s Aüs: 
g 10 
(a)and(b) 60= u (6) + ; x a x (6) NO 
15 =u + (a) (6) ...(ii) 
Solving these two equations, we get 
u=5m/s 
and a= i m/s? Ans. 
2 5 2 
(ce) (5 =(2) zs (v =2as) 
s=7.5m Ans. 
l 4 
S=Sq + ut + — at 
2 
at t=0,s=sp=2m (i) 
at t=10s, 
s=0= s+ ut+ lat 
2 
or 0=2 + 10u + 50a 
or 10u + 50a = -2 ...(11) 
v=u+ at 
0=u+ 6a (att=6s) 
5 u+ 6a=0 ..-(iii) 
Solving Eqs. (ii) and (iii) we get, 
u=—1.2 m/s 
and a-02 m/s Ans. 
Now, v=u+ at 
v = (-1.2) + (0.2) (10) 
= 0.8 m/s Ans. 
After 2 s 


vj-uca,f 
= 04 Qi) (2) = (41) m/s 
1 2 


r =r; Tu ai 


=(2i + 4j)+ i Qi) (2) 


=(6i + 4j) m 


26. 


27. 


28. 
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After next 2 s 

(a) Vy = Vi + agh 
= (4i) + Qi - 4j) (2) 
- (8i — 8j) m/s 


(b) n =r; + vib + - at 
= (6i +4) + (4i) (2) + i Qi - 4p OY 


- (18i - 4j)m 
Co-ordinates are, 
x=18m 


and y=-4m 


x-utt 1 at 
e 

29 = (0) (f) + 3 x (4.0) Ê 

P-4145s or 


(a) y= ut i a, 


t=3.8s 


= (8) (3.8) + i x2x14.5 


=44.9m=45m Ans. 
(D v=u + at 
= (8j) + (4.01 + 2.0j) (3.8) 
= (15.2i + 15.6j) 
^. Speed = |v|=4/(15.2)° + (15.6 
= 22 m/s Ans. 
dv .. 3m/s 
ds m 
dv 
a=v:— 
ds 
= (10) (-3) 
= —30 m/s? Ans. 
v=3 -6t => v=0 at t=2s 


For t < 2 s, velocity is negative. At t = 2 s, velocity 


is zero and for ¢ > 2 s velocity is positive. 
35 35 


s= | var = [ee — 6t) dt 
0 0 


=6.125m 


= displacement upto 3.5 s 
2 2 


Sy = [vat = [G2 — 6t) dt 
0 0 
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-—4m 
= displacement upto 2 s 


6.125 m 


ooo 


d = distance travelled in 3.5 s 


=4+4+ 6.125 
=14.125m Ans. 
125 
Average speed = zi - pedem 
t 3.5 
= 4.03 m/s Ans. 
6.125 
Average velocity = 2 SR 
t 3.5 
=1.75 m/s Ans. 
4 
29. a= 2 or Lis mc 
v dt v 
v t 
| vdv = | 4 dt 
6 2 
y! 
—-18=4t-8 
2 
v=./8t+ 20 
.dv 4 
dt — 8t 4 20 
At t=3s 
a = 0.603 m/s? Ans. 
30. v-sequation is vis) 


ET 
3 
dv 2 
z. — = —— per second 
ds 3 zm 
Ats=15m,v=10m/s (m 
a= ae 28 ie? Ans. 
ds 3 


31. a= slope of v-t graph and s = area under v-t graph. 


Further, for t € 2s, velocity (i.e. slope of s-t graph) 
is positive but increasing. Therefore, s-t graph is as 
under. 

E 


t 


Same logic can be applied with other portions too. 
32. Same as Q.No. 31. 


33. Kinetic energy will first increase and then decrease. 


v=gt (in downward journey) 


Hence, KE versus t graph is a parabola. 

34. Speed first increases. Then just after collision, it 
becomes half and now it decreases. 
Pattern of velocity is same (with sign). In the 
answer, downward direction is taken as positive. 
Further, 
Hence, v-t graph is straight line. 


v=gt 


35. Area of a-t graph gives change in velocity 
; Av = v, — v; = area of a-t graph 


Since, yy 7 Vj 


B 


D 


Net area of a-t graph should be zero 
2 Area OABC = Area CDE 
Substituting the values we get, 
tg = (2+ 43)s Ans. 

36. (a) a=slope of v-t graph 

(b) s =r; — r; =net area of v-t graph 

i 7T; — rj + netarea 
=10+ 104 20+ 10—10—10 
=30m 
(c) (i) For0 x £x 2s 


u = initial velocity = 0 


Sọ —initial displacement = 10 m 
a —slope of v-tgraph = + 5 m/s? 


1 
s=s tub at =10+ 25g 


(ii) For4 sx tx 8s 
u —initial velocity = 10 m/s 
— velocity at 4 s 
So = (10 m) + area of v-t graph upto 4 s 
=10+ 10+ 202 40m 
a = slope of v-t graph = —5 m/s? 


s-—sg- u(t à*za( 4y 


=404+10(¢-4)-2.5(t-4) Ans. 


37. (a) a, =a =-g 


My) =a, —a,=0 Ans. 
(b) uy 215 — u = 20- (75) 
=+25 m/s Ans. 
(c) uj5 =- 1h; =—25 m/s 
Since, a, =0 


145 = constant 
=—25 m/s Ans. 
(d) ap =0. Therefore, relative motion between 


them is uniform with constant velocity 25 m/s. 
(28 08s Ans. 
v 25 
38. (a) When the two meet, 
18 m/s 


— IE 
| 2 m/s = constant 


$0754 7 
or = (24) = (184) - (4.977) +7 
Solving we get, 
t=3.65s Ans. 
Sy =2x3.65=7.3m 
Height = 5 + 7.3 
=12.30m Ans. 
(b) vy = u— gt =18 — 9.8 x 3.652 —17.77 m/s 
-. Velocity of ball with respect to elevator 
= velocity of ball — velocity of elevator 


= (-17.77) — (2) 

=-19.77 m/s 

=—19.8 m/s Ans. 
Negative sign indicates the downward 


direction. 
39. (a) For truck 


t=7.39s Ans. 
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(b) For automobile 
s =; at =; x 3.5 x (7.39 
=95.5m 
Initial distance between them, 
= $2 s] 
=35.5m Ans. 


(c) vj =a, t= (2.2) (7.39) = 16.2 m/s 
and v, = ast = (3.5) (7.39) = 25.9 m/s 
40. Net velocity is along 4B or at 45° if, 
B 


A (4 sin 0 + 2) 


4 cos0 = 4sin0 + 2 
Solving this equation we get, 


0 = 24.3? Ans. 
41. (a) sind = ay 0.4 
500 
N 
"D 
So, E 
Net c) 
velocity = v Z 


P 200 km/h 


0 = sin! (0.4), west of north 


(b  v-4(500y — (200) 
= 100421 km/h 
 PQ 1000 10 
v 100421 421 


Ans. 


42. 
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Yo 


Vo 
=y > &- 
h y 


t+ih= vf + :) =4 t) 


area — displacement 


Further, 


! xt=s 
= = 
2 0 


But numerically, t = s = 4 units 
ET vo = 2units 
Substituting in Eq. (1) we get, 


prie 


x y 
LEVEL 2 


Single Correct Option 
1. Let velocity of rain is 


5 m/s n 


37° 


5 m/s 
(i) (ii) (iii) 

Vr = ai — bj 

Infirstcase, | v, = (-4i = 3p 

- Vru = Vg - Vy =(at 4)i + (-b +3) j 
It appears vertical 
at+4=0 
or a=-4 


In second case, v, = (4i + 3p 
Vru = Vg — Vy = (a- 4)i + (b -3j) 


=-8i + (-b-3}) 


It appears at 0 = tan! (2) 


—b-3=-7 
s b=4 
and speed of rain = Ju +b 
= 432 m/s Ans. 


E Apa 
dt 
da 44v 
dt dt 
2 —4 (-4v + 8) 
=16v -32 
(“| -16v;-32 
dt J; 
= (16) (0) — 32 
=—32 m/s” 
Further, 
v t 
| dv = ja 
909-7 4v 0 


Solving this equation we get, 
v22(-e*) 


v (m/s) 


Hence, v-t graph is exponentially increasing graph, 
terminating at 2 m/s. 


. For collision, 


r,-rg (at same instant) 
(rj + V), = (r; + Vp 
= (5i + 10j + 5k) ¢=30i + (10i + 5j + 5k) f 


Equating the coefficients of x 


5t=30+ 10f 
=> t=- ve 
So, they will never collide. 
dv, 
- —— = 2t 
dt 
d 
v= o S=P 
; dt 
3 
t ; 
or =— wd 
pes (i) 
and x-2vwy > t= = 
v 


Substituting in Eq. (1) we have, 
3 
x 
y= Ans. 
3v 


m 1) dk 
dt 20x - p) dt 
- -2a (v”) (v) = - 2a? 
dv 
6. f-v.—-a- lix 
f dx 
or [dv = | a- bx) dx 
0 0 


v z42ax — bx? 
At other station, v 2 0 


E: 
b 


— x 


Further acceleration will change its direction when, 


f=0 or a-—bx=0 or 


At this x, velocity is maximum. 
Using Eq. (1), 


ton = 24($)-0(8) = 


m 
T. pee a 
m m 
dv kx’ 
qj mu. ME. 
dx m 
v 0 kee? 
or Jvav=[-—ax 
0 a n 
voa 
2 3m 
2ka? 
v= 
3m 
dv 
8. a- v. — = (4) (-tan60?) 
ds 
=-4,3 m/s? 


1 
9. x, - gf =05 g 
2 
1 
x + =58 ON =2e0° 
X, = 2gf? —x,=1.5 gt? 


x,-x,-g? or t= 
E 


a 
x=— 


X — X] 


10. 
Ans. 

11. 
sad) 
Ans. 
Ans. 

12. 
Ans. 

13. 
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2 m/s 


v cos 60° = 2 m/s 


v=4 m/s Ans. 


90 km/h = 90 x — = 25 m/s 


180 kh = 108 x = 30 m/s 


At maximum separation their velocities are same. 
Velocity of motorcycle = 25 m/s 
or at = 25 
or t=5s 
But thief has travelled up to 7s. 
5, = displacement of thief 
=v,t,=25x7=175m 
Sy = displacement of motorcycle 
=5 Xm £ 


1 2 
=—x5x(5 
" (5) 


-625m 
Maximum separation 
-5,—5,-112.5m Ans. 


Relative velocity of A with respect to B should be 


along AB or absolute velocity components 
perpendicular to AB should be same. 
sin 0 = u sin 30? 
0 = sin BH Ans. 
4 


Deceleration is four times. Therefore, deceleration 


time should be - th. 


Vmax = 4t 


k— 4t —4 t —| 


Vmax = (41) (41) = (D (A0 - 4t 
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Area of v-t graph = displacement 
1 
200 = - (59 (48) 1. (a)a=-avv 
dv 
or t= 20s ^ u avy 
Total journey time = 5t = 22.4 s Ans. t 19 m 
; or fae=-—[v" -dv 
14. Area of v-t graph = displacement A " 
1 2 
1032 = — (56 + t) (24) or t=30s 2 
3 ( 0) (24) 0 = 24% iad. 
v (m/s) Qa 
(d) a=-avv 
x fo—>| dv 
oe ^ y. = avy 
ds 
s 0 
PITE Ifi tls) acras 
[——— 56s —->| A fas=--[v dv 
0 vo 
Deceleration time /, = — = 6 s 2w) E 
4 E: s = —— Ans. 
-. Acceleration time 4, = 56 — fọ — t= 20s n 
. 24 2 2 «eta 
Acceleration = 20 =1.2 m/s Ans. t f dt 
^ v t 
15. vg - -20i [av =[-0.5¢ at 
y 16 0 
v=16- 0.2527 
OP=3m 3 
25t 
OQ-4m sz [vat - 16-2 
3 
v=0 when 16-025? =0 
g 4m 20 cm/s or t=8s Ans. 
Vp = — 20 cos 60i — 20 sin 60° j So direction of velocity changes at 8 s. Up to 8 s 
- -10i —10V3 j distance = displacement 
Assuming P to be at rest, ^ At4s ; 
Vor = Yo — Vp =~ 10i + 10V3 j goign 2 OF. ous pra Ans. 
1043 
Now, ..tanQ- ——— = 43 or 0 = 60° 0.25) (8 
$,,716x8-4 :23) (8) 
where, 0 is the angle of vop from x-axis towards 3 
positive y-axis. = 85.33 m 
Vap 0.25) (10) 
S, = 16x10 - C 
= 76.67 cm 
[————— 85.33 m ————_> 
os 
Os | 
e—a 


10s 
I— 76.67 m —>| 


Distance travelled in 10 s, 
d = (85.33) + (85.33 — 76.67) 


Shortest distance = PM = PN sin 60° 
= 94 m Ans. 


= (100) - = 5043 cm 


5. 


At 10 s 
v=16- 025 (10)? 2 —9 m/s 


Speed = 9 m/s Ans. 


. Ifa = constant 


Then |a |is also constant or 


dv 
— | = constant 
dt 


r,=3i+ 4j 
at t=0 
v4 = (-20j) 


vg = (40 cos 37°)i + (40 sin 37°)j 
- (32i + 24) 


Vip = C32i — 44j) km/h Ans. 
VB 
37? 
Attime £-0, 
Tyg —r,—rg = Qi + 4j) 
Attime t=f, 


rag = (rag at£— 0) + vigt 


-(3-320i -(4-441)] Ans. 


a, f, — ast 
Vmax = 4h = hh 
s, = Area of v-tgraph 
1 
=> (f + b) (at) 
2 
Vmax 


K- t >k- b> t 
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s 1 
= = ah 
ttt 2 


Y1 
1 
$9 — 2 (t + ty) Vmax 


1 
= 2 (t + 215) (2a, f) 


v = at 


EET 


ke 5I ts >| 


From the four relations we can see that 
y) = 2v; 
and 28, < s, < 45, Ans. 


. In the complete journey, 


- 


s=0 and a= constant = g (downwards) 
F a : 
. a=—=—t . (1) 
m m 
or axt 


Le. a-t graph is a straight line passing through 
origin. 

Ifu = 0, then integration of Eq. (1) gives, 

or 
— 2m 
Hence in this situation (when u = 0) v-t graph is a 
parabola passing through origin. 


2 


v or vef 


. a-s equation corresponding to given graph is, 


dese 


or pos [(s-3)o 


2 
or y= 4/125 -~ 
5 


At s=10m, v=10 m/s Ans. 
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Maximum values of v is obtained when 


a =0 which gives s=30m 
ds 
2 
Vivi = 4112 x 30- S2 
= 4180 m/s Ans. 
s d 
9. v,, x and vwy =— 
Now, d 2 |s| 
Vay 2 | Vay | 
10. v= atandx ; at? (u = 0)i.e. v-t graph is a straight 


line passing through origin and x-t graph a parabola 
passing through origin. 


11. For minimum time 


For reaching a point exactly opposite 


| u 
b > Net velocity 
Net velocity = Jv? — i? 
b 
net velocity 


(butv»u) 


i= 


12. Fort<T,v=-ve 


Fort >T,v=+ve 

At t=T,v=0 
Particle changes direction of velocity at t = T 
S = Net area of v-t graph = 0 
a = Slope of v-t graph = constant 


13. v=o, > t= 


v2p5 > b= 


le t> bp — b> 


tf =t-t,-t 4 E r) 
0 1 2 
a Pp 


l 5» l5 
l=- at + v+- Dt5 
2 1 0 z Pr 


-ol el-og) 


Now, 


For tto be minimum its first derivation with respect 
to velocity be zero or, 


L + 
v 2aß 
"- 2laß 
acp 
14. x=? > X Hs 2t 
"^. dt 
dv, 
> == 
dt 
> y= -2t 
=> uS ag 2 
- dt 
dv, 
> a, =— = 6t 
dt 
At t — 0, v, 20,v,2-2,a, =2 and a, =0 
v--2j and a -2i 
or via 


ates fb, v, 20, v, #0. 
3 i | 


Hence, the particle is moving parallel to x-axis. 
15. (14)? 2 Qy + 2as 
: 2 as = 192 units 


At mid point, v? = (2) + 2a (5) 


Bg =100 
2 
v=10 m/s Ans. 
XA:AY=1:3 


XA- ls and AY=—s5 


y? = (2)? + 2a B 


ARI 


aA 255 
vi 2452 #5 m/s Ans. 
10-2 2- at, (v=u+ at) 
8 
tj 2— 14=10+ at, 
a 
4 
b=— or t=2b Ans. 
a 


S, =(2t)+ E a (t) = distance travelled in first half 


S, =2(2t)+ 3 a Qty 


$4 = S, — S, = distance travelled in second half 
We can see that, 


Comprehension Based Questions 
1. Velocity of ball with respect to elevator is 15 m/s 
(up) and elevator has a velocity of 10 m/s (up). 
Therefore, absolute velocity of ball is 25 m/s 
(upwards). Ball strikes the floor of elevator if, 


S,=S,+2 
10t + 2.5? 225t 52 +2 


Solving this equation we get, 
t=2.13s 


Ans. 


2. If the ball does not collides, then it will reach its 
maximum height in time, 

DES 

g 10 


Since, ¢ < tọ, therefore as per the question ball is at 
its maximum height at 2.13 s. 


hax = 50+ 24+ 25x2.13-5x Q.13y 
= 82.56 m Ans. 


0 = 2.58 
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3. S =25 x 2.13 — 5 x (2.13) 
= 30.56 m Ans. 
4. At maximum separation, their velocities are same 
25 —10t 2 10 4 5t 
or t=l1s 
Maximum separation = 2 + S, — S, 


-24[25x1- 5x ( ]- [10 x 1 2.5 °] 


=9.5 m Ans. 
5. uj + aT = ug — agT 
Putting T=4s 
weget 4 (aj + ag)= ug — Uy (1) 
Now, S4 = Spg 
bb ca picis 
1 = -ugt—— 
AUT y da Bl p 
-205 "9 j«4-8s Ans, 
(a4 + ag) 
6. S,=S, 
1 2 1 5 
5t t — at =15t-— = apt 
2^ 2” 
or 10 + a;t = 30 - agt 
^ (5+ at)-(15-— agt) =10 
or V4 — Vg =10 m/s Ans. 
7. 8=6+ aT =6+ 4a, 
i a4 = 0.5 m/s 
At 10s, 
v4 = u4 + at 
= (6) + (0.5) (10) 
=11m/s Ans. 


Match the Columns 


1. In (a) and (b), if velocity is in the direction of 
acceleration (or of the same sign as that of 
acceleration) then speed increases. And if velocity 
is in opposite direction, then speed decreases. 

In (c) slope of s-t graph (velocity) is increasing. 
Therefore speed is increasing. In (d) slope of s-t 
graph is decreasing. Therefore, speed is decreasing. 


2. If v. a = 0, speed is constant because angle between 


vand a in this case is 90°. 

If v- a = positive then speed is increasing because 
angle between v and a in this case is acute. 

If v: a = negative then speed is increasing because 
angle between v and a in this case is obtuse. 


518 e Mechanics - I 


3. In portion AB, we can see that velocity is positive 
and increasing. Similarly for other parts we can 
draw the conclusions. 


4. (a) Average velocity = - _ Area of v-t graph 


Time 
20 
=—=5m/s 
4 
: Vp — Vj 
(b) Average acceleration = ———— 
time 
Vas Vig 0-5 5 2 
= = = m/s 
4-1 3 3 


d |Total 

(d Avenge peci- = area] 
t Time 

-20+10 ; s 


(d) Rate of change of speed at 4 s = |a | 
= |slope of v-t graph |= 5 m/s? 


5. (a) x20 at t-2s 
(vo eee and EC 
dt dt 
v=aatls 
(c) v=10¢ 
Velocity is positive all the time. 
(d) v=0 at t=0s 
6. geen 
"^. dt 
ds 
~“ dt 
v= egi a 
^. dt 
dv, 
a,=— 22 
à dt 
(a) It crosses y-axis when, x 2 0 
> t=1s 


At this instant v, is -2 m/s. 
(b) It crosses x-axis when, y=0 
=> t=2s 
At this instant v, is +2 m/s 
(c) At £20, v, 2 — 2 m/s and v, 2 — 4 m/s 


Speed = ,/v? + v = 245 m/s 
(d) Att=0,a, =2 m/s? 


and a,=2 m/s? 


oda 2 
d — 4d, + d, 


- 242 m/s 


Subjective Questions 


1. a, = ^ - T +ve 
= "GRE -ve 
42x 98x2 + 42x 98x 4 

12 x 10? 
= 126 x 10° m/s” Ans. 


Note v, is upwards (+ve) andv; is downwards (— ve). 


2. vdv=ads 


N 


4$ = = area under a -s graph from s = Oto s = 12 m. 
=24+12+6+4 
= 24 m/s” 
or v-448 m/s = 443 m/s 
3. Let AB = BC =d 


Ans. 


BD=x 
and BB’ = s = displacement of point B. 
A’ 


From similar triangles we can write, 


1 
-ať 
v s 2 
d+x x d-x 
From first two equations we have, 
d vt 
1+—=— 
x os 
d vt : 
or —=—-l ...(1) 
X 8 


— at 
CENT 
x S 
2 
—at 
or d2 yi ...ii) 
X s 


Equating Eqs. (i) and (ii) we have, 


1 
" Sar 
m2. -4i 
S S 
1 
vt ——at? 
or ——2 29 


; f 1 
Comparing with s = ut + su we have, 


- : 20V . a 
Initial velocity of B is + 5 and acceleration — z 


. Let us draw v4 graph of the given situation, area of 


which will give the displacement and slope the 
acceleration. 


v 


s-s =xd+iyd .. (i) 


$4—5,—xd + yd + 5 yd ..-(11) 


Subtracting Eq. (1) from Eq. (ii), we have 


(55 = 45,53) 


$4 +S; — 2s, = yd 
or 53 + 84 — 2 5484 = yd 


Dividing by d? both sides we have, 


Qs 4s» _ » 
d d 
= slope of v-t graph = a. Hence proved. 


. Area of v-t graph = displacement 


v (m/s) 


t (s) 
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56002 f) 214 Ans. 


Solving this equation, we get 
3t = 20.5 s 


Note Maximum speed 0.2 t is less than 2.5 m/s. 


6. Let tj be the breaking time and a the magnitude of 
deceleration. 
80.5 km/h = 22.36 m/s, 48.3 km/h = 13.42 m/s. 
In the first case, 


2 
56.7 = (2236 X t) + 2236) 


EGN) 


13.42} " 
mer di .(i1) 


and 24.4 = (13.42 t) + 


Solving these two equations, we get 


to = 0.74 s 
and a= 62 m/s? Ans. 
T. Absolute velocity of ball 2 30 m/s 
10 m/s | 
TS 


2 [2m 
1 


28m 


(a) Maximum height of ball from ground 


2 
228424 (o - 76m 
2x98 
(b) Ball will return to the elevator floor when, 
8, =S,+2 
or 10¢ = (30t — 4.9 2) +2 
Solving, we get ¢=4.2s Ans. 
8. (a) Average velocity 
5 
. Displacement _ IE dt 
Time > 
[6 =f) di 
— Jo 
5 
= — 0.833 m/s 


(b) Velocity of particle = 0 at t = 3 s 
i.e. at 3 s, particle changes its direction of 
motion. 


Total distance 
Average speed = ———_—_—— 
Total time 
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_ (Distance from 0 to 3 s) + (Distance from 3 s to 5 s) 
Time 


3 
dy3 = IKE - P)dt 245m 


259 
dz; = KG —31) dt = 867 m 


4.5 + 8.67 
5 
= 2.63 m/s Ans. 


Average speed — 


9. (a) a 2 2t — 2 (from the graph) 
v t t 
Now, Í dv — [a dt =| Qr-2) dt 
v= -2t 
4 45 
(b) sz [va- [a — 2t) dt = 6.67 m 


10. (a) 


120m 


| 3 cos 0 
> (4-3 sin 0) 


Time to cross the river 
"T 120 _ 40 
! 3cos0 cos0 


= 40 sec 0 


Drift along the river x = (4 — 3 sin 0) = 
cos 8 


= (160 sec 8 — 120 tan 0) 


To reach directly opposite, this drift will be 
covered by walking speed. 


Time taken in this, 


4 


. 160 sec0 — 120 tan 0 
1 
= 160 sec 0 — 120 tan 0 


2 


Total time taken 
t = ti + b = (200 sec O — 120 tan 0) 


m dt 
For tto be minimum, — = 0 


or 200 sec0 tan 0 — 120 sec? 0 = 0 
or 6 =sin! (3/5) 


(b) fmin = 200 sec O — 120 tan ® (where, sin 0 = 3 


2200x 2 —120x2 
4 4 


=250-90=160s=2min40s Ans. 
dy. 


m u s) 


11. Given that |v,,.| = We 


From Eqs. (i) and (ii) we have, ey EUR. 
dx — 2vgy 


y uc px 
or |; ne dx or y BE Ans. 


At y= 


or Xnet = 2X = — Ans. 


12. a= D. — v (slope of v-s graph) 
ls 


At s = 50m 
v = 20 m/s and bal = = = 0.4 per sec 
ds 100 
a=20x 04 = 8 m/s? 


At s=150m 
v = (40 + 5) = 45 m/s 
dv 10 
ds 100 
a=45 x 0124.5 m/s? 


and = O.lper sec 


a-s graph 
From s=0to s=100m v=04s 
dv _ 


and — 
ds 


0.4 


a= a = 0165 
ds 


i.e a -s graph is a straight line passing through origin 
of slope 0.16 per (sec)’. 


At s = 100 m, a = 016x100 = 16 m/s? 
From s =100 m to s = 200 m 


v=01ls+ 30 
e idi 
ds 


a- D = (01s + 30)(0.1) = (0.01s + 3) 
S 


i.e. as graph is straight line of slope 0.01 (sec)? and 
intercept 3 m/s”. 

Ats=100m, a=4 m/s 

and at s = 200 m, a-5n/s 

Corresponding a-s graph is as shown in figure. 


a (m/s?) 


>s (m) 


13. (a) Let v,, be the velocity of boatman relative to 
river, v, the velocity of river and v, is the absolute 
velocity of boatman. Then, 

Y 
A 
N J 
f~ 
O EE x L4 E 
A i 
Vbr 
S 
——8 
Vy = Vp V, 
Given, |vj,|- vand |v,|-u 
dy v 
Now u=Vv,=—=x(a-x) a (Al) 
” dt ( a ( 
d T 
and y2y = zy ... (Hl) 
© dt 


Dividing Eq. (1) by Eq. (11), we get 


2 Ue cen oi aa dx 
dx a a 


14. 
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of : dy- | me " » kx 


a 

2 3 
X x -— 
or = .. (111 
d (it) 


This is the desired equation of trajectory. 


(b) Time taken to cross the river is 
a a 
t=— = — 
v v 


x 

(c) When the boatman reaches the opposite side, 
x = aorv, = 0 [from Eq. (i)] 
Hence, resultant velocity of boatman is v along 
positive x-axis or due east. 

(d 


— 


From Eq. (iii) 


At x — a (at opposite bank) 
Hence, displacement of boatman will be 


s-xi yj or s-ai« ^j 


(a) Since, the resultant velocity is always 
perpendicular to the line joining boat and R, the boat 
is moving in a circle of radius 20 and centre at R. 

R 
1 es 
i 


(0) 


1 
1 
i S S 
Qi 


1 
1 
1 
| 

P 


(b) Drifting = QS = J40? -0° = V30. 


(c) Suppose at any arbitrary time, the boat is at 
point B. 


R 60° 


Q! V Vnet 
| v 
' B 
P 
Viet = 2v cos 
dð JV. vcosO 


net 


dt 2M (Q) 
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15. 


-. Total time = 12.0 s 


or © sec dO = dt 
y 
60° 
[at - 9 [seco dO 
0 y J0 


je [In (sec0 + tan e) 
v 


_ 13170 


V 


Ans. 


or 


For0<s<60m 


-20)=3[3+3]=3 hee am 


5 5 25 
3 Ss 
or a=—+— 
5 25 
i.e. a-s graph is a straight line. 
3 
At s=0, a=—m/s* = 06 m/s? 
andat s=60m, a-230m/s? 
For s>60m 
v = constant 
a=0 


Therefore, the corresponding a-s graph is shown in 
figure. 


a (m/s?) 


From Eq. (i), Hv = 


5 
vd 1 
or f, =], 


60 
v=3e or | ds = ah e"? dt 
0 0 
60 = 15 (e? - 1) or 4 2 80s 
Time taken to travel next 60 m with speed 15m/s 
will be 2 =4s 
15 


Ans. 


16. From the graph, 


a=225- 9. s or 
150 


ovde "agg ee ds 
0 150 


— =22.5 x 60 — x (607 
2 150 ^ 2 


v = 46.47 m/s 


17. (a) u, 2 3m/s 
a, 2 — 1.0 m/s? 


Maximum x-coordinate is attained after time 


d 


Ans. 


UM 
t=|—|]=3s 


2a 
a, 


At this instant v, =0 and 
v, =u, + at=0-05x3=-15 m/s 


v=(-15j)ms Ans. 
(b) opie uf 
rod 
=3x3+ 1 (10) Gy 245m 
2 
y=u,t+ : a, =0- l (0.5) 3)? =- 2.25 m 
FOR 2 
r-(45i-225jm Ans. 


18. (b) vev,ity, j and a=a,itaj 


vía = V,a; + V,a, 


2 2 
Further vay tv, 
va Vd, V, a, 
2 2 
P v tv, 
dv 
=—=4, 
dt 


or component of a parallel to v 
= tangential acceleration. 


19. (a) v, =4 m/s, v, 2 2 m/s 


BC |v| 2 1 
tan 0 
AB |w,| 4 2 
D 
mmc 
rg. 


I X 


iic Jm =. 


In this case, v, should be along CD. 


v, cos 0 = v, sin & 


D 

— — 
Ds 
16 S, 
| Mg 
I Vb y 
! Vbr " 
I a 0 
UNT ORA Stra 
1 i 
40M 


or see 
5 
a =@ = tan”! B 
2 
"EBENE NM 
[Var] 


DC = DB sec = (100) 4 25045 m 


|v, |= |v,,| cos & — |v,| sin © 


sis a [s ron 


pati 4 DC 235, 345 _ 200, 
2 [vl] 6 3 
45 
or aS Ans. 
t 3 


20. v, = velocity of boatman = v,, + v, 
and v, = velocity of child = v, 
Vic = Vp — Vo = Vp. 
vi, Should be along BC. 
i.e. vj, should be along BC, 


0.6 3 
where, tan Q = =— 
0 4 
or a = 37° Ans. 
Child C 08km .- A 
a i 
I 
I 
I 
| 0. 
I 
B Boat 
Further 1 Be — 1 h 
[Væ] 20 


= 3 min Ans. 
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21. In order that the moving launch is always on the 
straight line AB, the components of velocity of the 
current and of the launch in the direction 
perpendicular to AB should be equal, i.e. 


u sin B = v sin a ...(i) 

S = AB = (u cos B + v cos a)e, ...(ii) 

Further BA = (u cos B — v cos & )f ...(iii) 

tt+t=t ..-(iv) 

Solving these equations after proper substitution, 
we get 

u=8m/s and B=12° Ans. 


22. Here, absolute velocity of hail stones v before 
colliding with wind screens is vertically downwards 
and velocity of hail stones with respect to cars after 
collision v;c is vertically upwards. Collision is 
elastic, hence, velocity of hail stones with respect to 
cars before collisionv;; and after collision vc will 
make equal angles with the normal to the wind screen. 


x (V/uc) 


(Vic), = velocity of hail stones — velocity of car 1 
=Vv-V 
From the figure, we can see that 
B + 90° — 2B + a, = 90° 


or «,-pB or 2p-2o, 
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InA ABC, tan 2B = tan 20, =— 
v 


Similarly, we can show that 
tan 20, = “2 
y 
From Eqs. (1) and (ii), we get 
. tan 60° | J3 


vı _ tan 20, _ 
tan 30° 1/3 


v, tan 20, 


“13 
V2 
dv kv cos 0 k 
23. a, === ur 
dt m m 
dv. k Y, dv, 
—*=-—dt or |” * Él 
Y. m vo cos 0o Vy 
k 
->t 
or v, = vo cos Oge " 


...(ii) 


Ans. 


k rt 
MIL 


(i) 


Similarly, 
n _ dv, — kv sin® (5. " 
7” m m? = 
Vy dv ] 
or | or ene efi 
vo sin 89 k 0 
— v, +g 


al E JI 
or —|1n|— vy, +g =-ft 
k m ere: 

vo sin 89 


k 
as Lk, 


or 
k . 
— vw sin®) +g 
m 


k 
k : im " 
or v= [E Vo Sin 0, + z) g " -= | ... (il) 


m 
(b) Eq. (1) can be written as 
k 


dx im 
— —vcos0,ye " 
dt 


k 
x t == 
or dx =v, cos 0 e" dt 
0 9 9 Jo 


E t, 
mv, COS m 
Or x2—3———W-e"] 

k 

. mv cos Oy 
Xn = 
k 
at t=, Ans. 

24. Inthe first case, BC = vt, and w= ut 


B C 


x 


In the second case, 

usina=v and w=(ucosa)t, 
Solving these four equations with proper 
substitution, we get 


w = 200 m, 
u = 20m/min, 
y =12m/min 
and a = 36°50 Ans. 


Projectile Motion 


INTRODUCTORY EXERCISE 

1. vi; v, 20 

=> (u; + aj,t)-(u,+a,t)=0 

= — (10i—10¢j)- (-20i —107j) = 0 

=> -200+ 1001? = 0 

=> t= 4/2 sec 
2. It is two dimensional motion. 
3. The uniform acceleration is g. 


4. u =(40i + 30j) m/s, a = (-10j) m/s?, t = 2 sec 
Now, v-usarandscute- at? 
5. u, =u, = 20 m/s a,=—10 m/s? 
1 
4e uit za 
=> -25 = 201-> «10x? 


Solving this equation, we get the positive value of, 
t=5 sec 
Now apply, v = u + aż and s, =u,t 


INTRODUCTORY EXERCISE 


1. u=40i + 40j 


a - — 10j 
t=2s 
40 m/s 
402 m/s Je" g= 10 m/s? 
45? 
40 m/s 


(a) Apply v2 u- atf as a= constant 
1 
(b) Apply s = ut + 3 at’ 


3. Average velocity 
s R (uT) ; 
= = — = OC = U 


t T T T 
=ucosa 


a T 

X 

O S s 
I—— — R — —4 


4. Av- vy - Vj 


y ^ 
1l. 
u ^ 
i 
Qa 
o "n 
u 


= (u cos Qi — u sina j) — (u cos ai + u sin aj) 


= (-2u sin &) j 
Therefore, change in velocity is 2usina in 
downward direction. 


5 Gre u sin 20 _ i! sin?0 
g 2g 
and T= 2usin® 
So 


Here, u=20/2 m/s and 0-45? 
(b v=u+ at 

where, u =(20i + 20j) m/s 

and a= (-10}) m/s? 


(c) Horizontal component remains unchanged 
(= 20i) and vertical component is reversed in 


direction (= — 20j) 
v = (20i — 20j) m/s Ans. 
6. (a) Since, acceleration is constant. Therefore, 


^ AV 
a,—a-g-(-10j)- 
i g - (-10j) jm 


Av = (C10) (A) - C105) (3) 
= C10j) G) = C30j) m/s 
-. Change in velocity is 30 m/s, vertically 
downwards. Ans. 


1 
uf 4 — a£ 


b)v,2-- 2 =u+-—at 
O) v7 7 t 2 
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= (201 + 20j) + i (-10) (3) 


= (20i + 5j) m/s 


Vayl = 4 Q0Y + (5 


= 20.62 m/s Ans. 
1 
‘ 2 x 20 x —= 
7. 7p a2 sin 8 _ V2 is 
g 10 
Pos w^sn20 (20) sin 90° 

g 10 

=40m 


Now the remaining horizontal distance is 
(50 — 40) m « 10 m. Let v is the speed of player, 
then 
vf =10 or yaa a g Ans. 
T N2 42 
8. (a) Initial velocity is horizontal. So, in vertical 
direction it is a case of free fall. 


t= 2h — 2x100 Jo set 
g 10 


(b)x=ut= 20/20 m 


(c) v, =u, = 20 m/s 


Vy =u, + at 


= 0—-10/20 
=-10/20 m/s 


v= v2 v =49 m/s 


0- wc (9 = tan! (V5) 


Vy 


R= i sin 60° z 


9. 3 km 
E 
u 3 
ES - - 
g Rs sin 60° 
= 243 km 


Since, | Rmax < 5 km 
So, it can't hit the target at 5 km. 
10. Comparing with, 


2 
y=x tan 0- 55 (Le tan? @) 
u 


tan@=b,g=a 


and = (1+ tan?0) 2 c 
i 


a (19 FE). 
2u? 


"mm b’) 
u = ,| ——— 
2c 


INTRODUCTORY EXERCISE 
2u sin (a — D) 
- g cos p 
_ (2) Q042) sin (45° — 30°) _ 


(10) (cos 30°) 
2 
R =—~— [sin Qa - B) - sin B] 
g cos p 


| QW2y 

~ (10) cos? 30° 

-39m 

_ 2usin (a + B) 

|». gcosp 

_ 2x 2042 sin (45° + 30°) 
(10) cos 30° 


1.7 


1.69 s 


[sin (2 x 45° — 30°) — sin 30° ] 


2. T 


=6.31s 


R= s [sin (20 + B) + sin B] 
g cos“ B 
( QW2y 
~ (10) cos? 30° 
=145.71m 
3. Using the above equations with a = 0° 
2 (20) sin 30° 
H m E 30° 3s 
(20)° 
(10) cos? 30° 
= 53.33 m 


4. (a) Horizontal component of velocities of 
passenger and stone are same. Therefore 
relative velocity in horizontal direction is zero. 
Hence the relative motion is only in vertical 
direction. 

(b) With respect to the man, stone has both velocity 
components, horizontal and vertical. Therefore 
path of the stone is a projectile. 


[sin (2 x 45° + 30°) + sin 30°] 


[sin 30° + sin 30° ] 


5. (a) a -a-g (downwards) 


Relative acceleration = 0 
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(b) u =U, — Uy ze d — |ujjlt 
= (20j) - (20i + 20j) =20x2=40m 
= (-20i) m/s 6. The range is maximum at, 
or 20 m/s in horizontal direction a - x + pB (given in the theory) 
(c) Wy = (—20i) m/s is constant. 4 2 am 
Therefore relative motion is uniform. = 45° + EN = 60° Ans. 
Exercises 
LEVEL 1 T= 2u sin® => ToeousinO 
g 


Assertion and Reason 
dy (usin8), _2 


1. In the cases shown below path is straight line, even = : 
T, (usin0) 1 


if a is constant 


u è u R=u,T 
a a i x Ao A -(2) BE 
: R (u)» Th 2/41 
3. r = SHE > usin 0 = £2 
g 2 2E R =R, 
y ism? _ (gr/2y 9. 1-10 mis? 
2g 2g 
: d|v| 1 
or H«T But di +10 m/s 
4. 10. v, =u, 


Lp Tm 
yy =t qu, — 2gh 
E 
and v= v + v, 


and w= + w, 


Single Correct Option 


5. In projectile motion along an inclined plane, 


normally we take x and y-axis along the plane and 1. a= g = constant for small heights. 
perpendicular to it. In that case, a, and a, both are di anig 
non-zero. l 2. Hy = 5 
2u sinO B 
i T= =4 
g Hoas i? sin? (90 — 0) _ u? cos?0 
(u sin 9) = 20 m/s 2g 2g 
? sin? 2 H sin? 0 
jy PE. 20m Ans. vs -ea 
2g 20 Hyg cos 0 
8. H- i? sin? 0 3. Ry = Ras 
2g ja ; 
or u sin 0 c JH KA w'sin2@ 1 w or sin 20-1 
g 2\g 2 


(usin®), |4H _ 
(u sin 0); H S 20=30° or 0=15° 
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10. 


At 45°, range is maximum. At highest point, it has 
only horizontal component of velocity or 
20 cos 45° = 14 m/s. 


s F-v=0 => Flv 


Hence path is parabola. 


= Vy = Uy 


v cos 30° = u cos 60° 


u 
or v= 


43 


. 1. as 
Velocity has become ag times. Therefore, kinetic 


energy will become 1/3 times. 


. 2usinO . 2ucos® 
1 gD 
g g 
R= 2 (u sin0) (u cos0) 
g 
GE 
2 A2/\ 2) 
g 
1 
=- gi Ans. 
2 
v2 
Ras =—~ at 0-45? 
s 


= 2 
Annax =T Box 


. Maximum range is obtained at 45? 


2 
u 


—=1.6 or u-4 m/s 
g 
p = 2usin4s? _ 2x4 x (V2) 
g 10 
= 0.442 s 


Number of jumps in given time, 


t  10V2 _ 


n=— =—— =25 
T 04/2 
-. Total distance travelled 2 1.6 x 25 2 40m Ans. 
me i^ sin?0 
2g 
VAR 
102 = (u^) sin 60 
20 


u = 52.2 m/s 


11. 


12. 


13. 


14. 


15. 


Other stone should be projected at 90? — 0 or 30? 
from horizontal. 
H,= u? sin? 30° 
2g 
_ (52.2) (1/4) 
20 


=34m Ans. 


i 1 : : — 
Using s = ut + 7 af? in vertical direction 
. 1 
—70 = (50 sin 30°) t + r (-10) ? 


On solving this equation, we get 
t=7s 


S 24H? + R7/4 


Ans. 


— R2 —>| 


F S S 28 
Average velocity = — = — = — 
t T2 T 


Velocity of train in the direction of train is also 


30 m/s. So there is no relative motion in this 
direction. In perpendicular direction, 
d=R= u? sin 20 
g 
2 d o 
NECK 20 m Amis: 
10 
For maximum value of y 
ay =10-2r=0 
dt 
=> t-5s 
fax = (10) (5) - (5) 
=25m Ans. 
2 
R=—*,— [sin(a + B) + sinp] 
gcos“ p 
u — 50 m/s,g =10 m/s”, a = 0°, 
2 
= ae [sin (2 x 0+ 30°) + sin 30°] 
10 cos* 30? 
(2500) G ; 
10x(3/4)12 2 
- 2000 m Ans. 


_ 2usinü _ (2) (8) sin 53° _ 
g 10 
po u? sin 20 (80) sin (106°) 
g 10 
Distance travelled by tank, 
d= (5)T = (5) (1.28) = 6.4 m 
Total distance = (615.2 + 6.4) m 


16. T 1.28 s 


= 615.2 m 


= 621.6 m Ans. 
Subjective Questions 
1. At 45° y 
v, =t v, =t u =+ 60 cos 60° 
=+ 30 m/s 
Now, v, =u, + a,t 
j= Vy = Vy x 
a, 
_ (430) — 60sin 60° 
-10 

t -2.]9s and £,-820s Ans. 


2. Vertical component of initial velocity 
u = 2042 sin 45? = 20 m/s 


1 ; ; 
Now, apply s= ut + 3 at’ (to find ¢ ) in vertical 


direction, with 
s=15m, u=20 m/s and a=—10 m/s? Ans. 


3. v, =u, = 20 cos 60° = 10 m/s 


Xx 


Given, s 
2 
4 y 2i 
Or 4 (2 + v?) =u 
4 [00) + v3 ]= (207 
or v,=0 
Hence, it is the highest point 
= T _u sin 0 
2 g 
_ (20) sin 60? 
© 10 
=43 s Ans. 


4. For collision to take place, relative velocity of A 
with respect to B should be along AB or their 
vertical components should be same. 

Vertical components of A 
v, = 10 sin 30? = 5 m/s 
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and vertical component of B 

v) = 542 cos 45° = 5 m/s 
Since, v, = v7, so they may collide 
Now the second condition is, 


R,+ Rk, 2d (d 215 m) 
EE o 
go sin 60 = 866m 
10 
2. o 
py = OY Sn 90 i 


Since, R, + R, « d, so they will not collide. 
5. v. vj20 when v Lv, 
(u; + aj,f)- (u, + ant) =0 
i Gi -10rj- (4i — 107) 20 
or t= 0.12 s 


Now in vertical direction they have no relative 
motion and in horizontal direction their velocities 
are opposite. 


d=3t+4t=T7t 
= (7) (V0.12) m 


=2.5m Ans. 


6. y=x (1-2) tana 
P R 


tana = ae 
x (R-x) 
_ 3) 24) _ 2 
608) 3 
a = tan”! B Ans. 
3 
7. y-coordinate of particle is zero 
when, 
4t- 5020 
t=0 and 08s 
x=3t 
at t=0,x=0 
and at t = 0.8 s, x = 2.4 m Ans. 
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_ 2u sin (x — p) 

|. gcosp 

_ 2x10 x sin 30? 

~ (10) cos 30° 
2 

=—=s 


V3 


v, =u, = 10 cos 60? = 5 m/s 


8. T 


v, = Uy + a, t 


= (10 sin 60°) + (-10) (2/4/3) 


9. Vy = Uy + at 


= (10 sin 30°) + (-g cos 30°) T 


10 m/s 


30° 
30° 


zama ge P. 
2 43 


-—5m/s 
10. In vertical direction, 


— a 
SA SB 


In horizontal direction, 
d — |S,|- |S5| 
= (10) t+ 101 — 20f 
-20m (as t=1s) 


(a = 60°, B = 30°) 


11. 


12. 


13. 


14. 


Horizontal component of velocity always remains 
constant 
40 cos 60° = v cos 30° 
_ 40 


or v= 
V3 


(a) If they collide in air then relative velocity of A 
with respect to B should be along AB or their 
vertical components should be same. 


20 sin0 210 
or 0 = 30? Ans. 
(b) x =|S4]+ [S5] 
= (20 cos 30?) (t) + 0 


m/s Ans. 


EI 
2-2 
= 543 m Ans. 


v, =u, = 7.6 m/s 


v= qu — 2gh 
u, = 4 + 2gh 


= (6.1? +2x10x 9.1 


= 14.8 m/s 
2 2 
[M 3 
(a) Ha. 9 =llm 
2g 2x10 
2u,u, 
(b) R=— = B — 14.8 = 23m Ans. 
& 


(c) u= JI + w, 
=4(1.6° + (14.8) 


= 16.6 m/s Ans. 


-tan! (4) = tan”! (2), 


below horizontal. Ans. 
us + u = (fgh? =4gh (i) 


16. R-a= 


vy = Ju — 2gh 


Vy = uy, 


...(H1) 
, ...(iii) 
Now for the projectile ABC, v, and v, are the initial 
components of velocity. 
2wv,  2uv, 

E g 


or u, = gh (iv) 


Vy 


2h = range = 


Using Eqs. (ii) and (iv) for rewriting Eq. (i) we have, 


2 
(e + (2 + 2gh) = Agh 


Vy 
vy - (2gh) v; + gk =0 


; Wght y4g k -42r 


y 
y 
f 2 


=gh 
w 


Now, tic =time of projectile ABC 
2v, 
2—?22 E Ans. 
g E 
15. Let vis the velocity at time f 
Using v, =u, taut 
v sin B = usin Q — gt a(i) 
Vy = Uy 
v cos B = u cos Q .. (li) 
From Eqs. (i) and (ii), we get 
ucosQ | . : 
sinB = usina — gt 
| cos B ) 
On solving we get, 
jas gt cosB 
sin (& — B) 
B i? sin 20 
g 
Multiplying with b we have, 
bu’ sin2 ; 
a a EU i) 
g 
D us 
Rap- ICSn2B 
g 
Multiplying with a we have, 
3 
2 a 
aR + ab = gu gn} . (11) 


E 


17. 


18. 


19. 
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Adding Eqs. (i) and (ii) and by putting 
R= u? sin 20 


& 


2 


we get the result. 


(912 3 2 Io 
uy 


-2Ss 
(b) Vertical components of velocities are zero. 


l 2 
h=-— et 
PE 


1 2 
=— X 9.8 x (2 
7 (2) 


=19.6m 
(c) S,=ut=7.5xX2=15m 


u, = 20 km/h =20x = = 5.6 m/s 


u, =12 km/h 
-12x 2-233 m/s 
18 


] 1 1 : don ih 
Using S = ut + 5 af? in vertical direction, we have 


-50 = (3.3) t + ; (-10) 7? 


Solving this equation we get, 
t=3.55s 
At the time of striking with ground, 
v, = uy, = 5.6 m/s 
vy, = Uy + at 
= (3.3) + (—10) (3.55) 


= 32.2 m/s 


Speed = 4/ (32.2) + (5.6? 
= 32.7 m/s 
x= (usin 0) T 
l x2 
zu ]- «eser 


1 
— gT? — (u cos 0) T 


7? -2tn9- - 
x (u sin 0) T 


(2u sin 0) (tan 0) = gT — (2u cos 0) 
. 2u[sin® tan® + cos0] 
g 


T 


_ 2u sec® 
S8 
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ucos 0 


Now, R= (x) sec0 
= (u sin T) sec O 


= (u sin 0) E -z (sec 0) 
E 


_ 2u? sin sec? 0 
g 


20. (a) Acceleration of stone is g or 10 m/s? in 


downward direction. Acceleration of elevator is 
1 m/s? upwards. Therefore, relative acceleration of 


stone (with respect to elevator) is 11m/ s? 
downwards. Initial velocity is already given 
relative . 
b T = 2u, sin®, (2) (2) sin 30° 
7 11 
=0.18s Ans. 
(c) Vg = Vgg + Vg 
1 m/s 
2 m/s 
2 m/s 
30" X8 mis 
Elevator Stone relative to elevator 
3msi------ 2N3 m/s 


v3 m/s 
Absolute velocity of stone 


(d) In that case relative acceleration between stone 
and elevator will be zero. So, with respect to 
elevator path is a straight line (uniform) with 
constant velocity of 20 m/s at 30?. But path, 
with respect to man on ground will remain 
unchanged. 


21. (i) x, =x, 
10 + (uj cos0,) t = 30 — (u cos 85) t 
(uj cos 0; + u cos 05) t= 20 


Gi) y4 = Yg ; 
10+ (14 sin ,)¢—— gt” = 20 


; 1 
+ (wv sin 0,)t- 5 gf? 


Or (u sin 9; — w sin 05) 1 — 10 
LEVEL 2 
Single Correct Option 
1. Relative acceleration between two is zero. 


Therefore, relative motion is uniform. 
up, =u,;+u, 
= (20j) — (20 cos 30*i + 20 sin 30° j) 
= (10j — 1043 i) 


[u;;|-2 4(0Y (10/3)? = 20 m/s 


d —|uj,|t224 m Ans. 
2 T= |2 
8 
d=(u)T =u E 
g 
2 
p2 Ans. 
E 
u 
3. R= 755 [sin (20 + B) + sin B] 
g cos B 


u=10 m/s, g = 10 m/s”, B = 30? and a. = 60° 


2 
4. y2xtan8 -— 2 _ 
2i? cos? 8 
dy g 
— -(tanQ) - | ——— | x 
dx ) u? cos?8 


d , : : : ; 
E versus x graph is a straight line with negative 
x 


slope and positive intercept. 


2 2 2 
5. ange and ELE ; 5 | 
dt dt 


dx? d? dt 

dy = 

2 
E ed und P en 
dt t 

a = 2B. v? 

or y. = = Ans 
x 2B 
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9 " ) 
g Ec sin 2 (60?) 8. a, = iS 
2 2g dt 
2 
EX & ys dj P 
4g dt dt 
2 2 
_ wê sin? 60° _ 3u? TF = ey+D 2242/2) 
2g 8g t t t 
RY . a, =a=(2y+ 2) (0) + 2 (5) 
— 2 
n (5 EH = 50 m/s? Ans. 
Vii? 9. anp- -2 
~ 8g RI R 
_ Qu sin? a)/2g _ tanc 
B (2u’ sina cos a)/g 2 
ive P = tan! (==) Ans. 
2 
A 10. a =a =g (downwards) 
[«— R/2 —] 30 m/s 10 m/s 
Ans 
1. e — 1 > < 2 
19 10/3 m/s 10V3 m/s 
Wedge 
10V3 sin 60° = 15 m/s [«— —— 2048 m — —2»| 
20V3 m/s 
10V3 cos 60° = 5V3 m/s 
Particle 


10V3 m/s 15 m/s 


an =0 
60° Relative motion between them is uniform. 
5V3 m/s Relative velocity v»; 
Particle with respect to wedge due 2043 sin 30? 
T= 2u sin (a — D) =10/3 m Aus; 
g cos B 
— 2(10V3)- sin (60° — 30°) _ a More than One Correct Options 
10 cos 30° 1. a « B-90* or B=90 -a 
H2 i! sin?a ind dies u? cos?a 
10V3 m/s 2g 2g 
At 2usina 2u cos Q 
t= and fh = — —— 
Rest g g 


/ X [m 2i sina cosa E 
E 
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2. Since u = 0, motion of particle is a straight line in the 


direction of ay. 


aH 
anet 
2 [2 [2x49 
g 9.8 
=3.16s 
3. Horizontal component of velocity 


unchanged 
v cos 0 = v/ cos (90 — 0) 
or Vv =vcotd 
In vertical ( y) direction, 
Y, = Uy + ayt 


y,—u 
y y 
t = — - 


a, 


z —v! sin (90 — 0) — vsin® 


-g 
. (v cot 0): cos + v sin O 

E 

_ v cosecO 
g 
4. u, 2v, =10 m/s 
u, = qu t 2gh 
= (10)? + (2) (10) (15) 


= 20 m/s 


Angle of projection, 


us, 
0 = tan! (=) = tan! (2) 


Uy 


.2u, _ (2) (20) _ 


f= 4s 
g 10 
R=u,T = (10) (4)= 40 m 
2 p 
u., 
H=—= (20) = 20 
2g 2x10 
dv 
. — =a = constant = g 
dt 
d'v da 
—z = — - 0 = constant 
dt dt 


6. Horizontal component of velocity remains unchanged 


X 
X o4 = 20m = ^4 
t 
ij45 E» alg 
For AB projectile 
2u., 
T-2s-— 
& 
Uy = 10 m/s 
S (0? 


z = =5m 
2g 2x10 


Ans. Maximum height of total projectile, 
remains =154+5=20m 
tog ^ fg4 + tag 212-238 
For complete projectile 
T =2 (toa) + tap 
2u., 
=4 şs = — 
I4 
u, = 20 m/s 
E ED ciae 
"^ tg 2 
Comprehension Based Questions 
1. At Q, component parallel to OB becomes zero 
Ans. 
Ans. V, =u, t al 
0 = (u cos 30?) + (7g sin 30°) t 
BL NEE: Ans. 
I4 g 


2. PO = range = 2 (PM) = 2a cos 30° 


= (2) (4.9) (2) 


= 4.9/3 m 
_ i? sin2 (60°) 
9.8 
2 
mm a 


u = 9.8 m/s Ans. 


Note Velocity at P is making an angle of 60° with 
horizontal and velocity at Q is making an 
angle of 60? with horizontal. That is the reason 
PQ = range. Because under this condition, 
points P and Q lie on same horizontal line. 


Match the Columns 


1. (a) Ax = (u) (t — 1) 
- (10) (2-1) 
=10m 


1 1 
(b) y 22g?) =- x 10x QY = 20m 
2 2 
»-jg(-D-5m 
Ay-2y-y,-15m 
(c) v 20, v,, 210 m/s 
: Vy, Z Vy, 710 m/s 
(d) v,, 2 gt 10x 22 20 m/s 
v, =g (t- 1) 2 10x 1210 m/s 


Vy y = 10 m/s 


2 
u, 
2. H=—=20m 
2g 
u, = 20 m/s 
2u,, 
T=—=4s 
8 
R=u,T =40m 


u, eo =10m/s 
T 


Das o 
3. i92 ^ sin 2 (15?) 


=20m 


(a) Rax =— = 20m 
g 


2 
(b) H mx = a when thrown vertically 
S8 


=10m 
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(c) R54; = Rise = 10m 


dos 
u^ sin 30° 
d) Hage = ———— — 
(d) Hs, 2g 
2 
2v. ss 
8g 8 
2u, 
4. T=— => T«u, 
g 3 
2 
a 
2g 
> H «wu, 
R=uT 
=> R«T 
> R œ uy, 
u, 
> tan@=— 
Uy 
> tan 0 œ u, 


By doubling u,, tan 0 will become two times, not. 


^ A 
5. (a) ayaa (-gj) = A: 
Av = (-gj) At 


a [T 
=(-gj) (z) 


zs j u sin e) 
as 


= (—u sin 9) j 


(b) v, == 
t 


OL— Re —] 
quay + H? 
T/2 
(c) Av = Cj) (AD 
-(-gpT 


2 Cep E sin 2) 
g 


= (-2u sin 0) j 


536 © Mechanics - I 


(d) Vay = 


ala 
> 


O| — —— B 


S-H 
_ ut 
E. 
=u, =ucos® 
6. (a) x, = (1) t = (30) (2)= 60m 
x, = (130) + (1,5) (t — 1) 
= 130 + (20) (1) 
=110m 
Ax =50m 


1 
(b) » = uyt — 2 gt 


= (30) 2) => 10) 0? 
=40m 
Vy = 75+ up (t-)--g(t- 


= 15+ 20x1-> x10 (D? 


=90m 
Ay=50m 
(c) vı = 30 m/s 
v2 = — 20 m/s 
s va — Vy = 50 m/s 
(d) v, 2 uy, + at 
= (30) + (-10) (2) 
=10 m/s 
Vio = Uy + a, (£- T) 
= 20 + (-10) (1) 
—- 10 m/s 
Yy 7 Y, = 0 


UM 
7T. H= or Hær 
2g 3 


Since H is same. Therefore, u, is same for all three. 


2u, 
T =— or teu, 


g 
Since u, is same. Therefore T is same for all. 


R=ul 


or R œ u (asT — same) 


R for C is maximum. Therefore u, is greatest for C. 


_ [2 2 
u= ju, + uy u, — same) 


R is least for A. Therefore u, and hence u is least 
for A. 


Subjective Questions 


» U, = vg COS 0, u, = vo sin 0,a, — — g sin 6, 
a, =g cos 0 
AtQ,v, -0 
ER u + at =0 


P di S 
"2t / 01 
y 7 Sy fo 
fj Ah 
Q / ! 
7 1 
I 
I 
0 I 
O 
or t= Worcos g s) 
g sin O 
S, =h cos 
ut i a, = h cos 0 
J 2 E 
(Vp sin 0) = cos 2) 
g sin®@ 
| oy 
+ — (g cos 0) Yo a =hcos® 
2 g sin 0 
Solving this equation we get, 
Vo = = = Ans. 
2+ cot’ 0 
. Let v, and v, be the components of v, along x and y 
directions. 
(2) = 2 
v, = 1 m/s 
v,Q) 210 
or vy,=5 m/s 


vy vlt v 
= 426 m/s 


tan 0 = v/v, = 5/1 
0 = tan! (5) Ans. 


Note We have seen relative motion between two 


particles. Relative acceleration between them 
is zero. 


Vy = (u cos) i + (u sin & - gt) j 

v; =(v cosB) i + (v sinB — gi) j 

These two velocity vectors will be parallel when, 

the ratio of coefficients of i and j are equal. 
ucosQ usin a — gt 


vcosB vsinB-gt 
Solving we get, 
uv sin (à — p) 


Ans. 
g(v cos B — u cos a) 


At height 2 m, projectile will be at two times, which 
are obtained from the equation, 


2 - (10 sin 45°)t + sc 10)? 


or 225421 - 5P 
or 5P — 5/21 + 220 
, 542 - 450-40 
or =s— ~ 
! 10 
_ 542 - 410 
10 
542 + V10 
and t = —————— 
10 
Now d = (10 cos 45°)(t — t) 
=-= 24/10 =447m 
42 10 
Distance of point of projection from first hurdle 
= (10 cos 45° )t, 
_ 10 (542 - J10 
42 10 
25-45 
=2.75m Ans. 
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bj — fi 


Vy 


Now  (t,—tj)u, = tjv, or .. (i) 
U, t, 
l 2 
Further h=ut- 5 gt 
or et —2ut+h=0 
or gt —4,/gh t+ 2h20 
| Ad gh - den Sgh 
SENIN 
and t, = (2+ 42) EU 
Substituting in Eq. (1) we have, 
Vy 2 
= = Ans. 
Uy 4241 


. (a) Time of descent t = E - aes 
g 10 


= 8.94 s 
Now v, = ay= V5y 


m & _ Ga = 552 
dt 2 
[a = 5/5 ile dt 
0 0 


or horizontal drift 


54/5 


x =e. 94% = 2663 m = 2.67 km. 


(b) When particle strikes the ground 
v, = V5 y = (V5)(400) = 40045 m/s 
v, = gt = 89.4 m/s 


Speed - Jv? + v? = 809 m/s = 0.9 km/s Ans. 


. At £z 0, v; = (10j) m/s 


Vs; = 10 cos 37*k — 10 sin 37°i = (8k — 6i) m/s 


Vs = Vor + Vp = (-6i + 10] + 8k) m/s 
(a) At highest point vertical component (k) of v, 
will become zero. Hence, velocity of particle at 
highest point will become (— 6i + 10j) m/s . 


2v, 2x8 


(b) Time of flight, T = — = =16s 
E 


10 
x=x,+ vT 
-1f_6x16=-4.5m 
T 


y= (10) (L6) 216 mand z = 0 
Therefore, coordinates of particle where it finally 
lands on the ground are (— 4.5 m, 16 m , 0). 
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4 


At highest point, t = : -08s 


x= (6) (0.8)=0.3m 
T 


y= (10) (0.8) = 8.0 m 


2 2 
and 2l B =3.2m 
2g 20 
Therefore, coordinates at highest point are, 
(0.3 m, 8.0 m, 3.2 m) Ans. 


8. |v,] 2 (vj + v2) cos 60° = 12 m/s 


[Vor] = (v? — vı) sin 60° = 44/3 m/s 


vy =f 2) + (4V3Y = 4192 m/s 


BC = (v) t= 240m 
AC =70m 


Hence, AB = 4(240) + (70? = 250m Ans. 


9. (a) Let, (x, y) be the coordinates of point C 


(Given) 


V5 
1 
2 
x OD =OA + AD 
10 10+ 4 : 
x=— + y cot 37° = —— ...(1) 
3 3 
As point C lies on the trajectory of a parabola, 
we have 
2 
y=x tana E (1+ tan? a) m 
u 


Given that, tan à, = 0.5 = i 


Solving Eqs. (1) and (ii), we get x 2 5 m and 


y=1.25 m. 
Hence, the coordinates of point C are (5 m, 
1.25 m). Ans. 


(b) Let v, be the vertical component of velocity of 
the particle just before collision at C. 


Vx COS 37? 


Using v, =u, t at, we have 
vy-u sin à — g (x/ucosa)(- f-x/ucosQ) 
2545 10x5  —— 
45. (545 x 25) 


Thus, at C, the particle has only horizontal 
component of velocity 


v, =u cos 0 = 545 x (24/5) =10m/s 


Given, that the particle does not rebound after 
collision. So, the normal component of velocity 
(normal to the plane 4B) becomes zero. Now, 
the particle slides up the plane due to tangential 


component v. cos 37° = (10) 5 = 8 m/s 
Let h be the further height raised by the particle. 
Then 
mgh- » m (8) or 232m 

Height of the particle from the ground = y+ A 

H =1.25+ 3.2= 4.45 m Ans. 

10. For shell u, = 20 sin 60° 217.32 m/s 
50 kg 


| 4 m/s 


40 kg 
v — 10k9 (20c0os60°+v) 
C— 


z= ut-> g= (17.32 x 2) — G x 9.8 x J 


or z=l5m > u,-0 
" j-0 
For u, conservation of linear momentum gives, 
50 x 4 = (40) (v) + 10(20 cos 60? + v) 
or v=2m/s 
u, = (20 cos 60°) + 2-12 m/s 
x = ut = (12)(2) = 24 m 


r = (24i + 15k)m Ans. 


Laws of Motion 


INTRODUCTORY EXERCISE 


1. w; = weight of cylinder 


w, = weight of plank 

N | = normal reaction between cylinder and plank 
N, = normal reaction on cylinder from ground 
N, = normal reaction on plank from ground 

J, = force of friction on cylinder from ground 
J, = force of friction on plank from ground 


Ny 
N3 
Wo 
f fz 
2. N = normal reactions 
w = weights 
T 
[N 
A Ne N3 
A 
N; C Na 
f B 
N3 Y 
We WA, 
FBD of sphere FBD of rod 


(i) (ii) 
In the figure 
N , « normal reaction between sphere and wall, 
N, = normal reaction between sphere and ground 
N = normal reaction between sphere and rod and 
N , = normal reaction between rod and ground 

f = force of friction between rod and ground 


. In the figure 


No friction will act between sphere and ground 
because horizontal component of normal reaction 
from rod (on sphere) will be balanced by the 
horizontal normal reaction from the wall. 


Fy 


Fu d 


w 
FBD of rod 


In the figure 


T = tension in the string, W = weight of the rod, 
F, = vertical force exerted by hinge on the rod 


Fy = horizontal force exerted by hinge on the rod 


f 


N,=Normal reaction at B, 
J, = force of friction at B, N= 
normal reaction at A, f,=force 
of friction at A i 
\ 


w = weight of the rod. 


h 
FBD of the rod 
Force F; F, 
F, 4 cos 30? 4 sin 30°=2N 


=2/3N 


F, | -4 cos 60° | 4 sin 60° = 2V3 N 
=-2N 

E 0 -6N 

F, |4N 0 


8. T, cos 45? = w 


and T, sin 45° = 30 N 
MM | 
45?! 
; T,-30N 
w 
w=30N Ans. 
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9. N, cos 30° = 500 N 
N 4 sin 30°= N, 


w=50kg=500N 
On solving these two equations, we get 
1000 
N=- N 
V3 
and Nz= Wy 
V3 


T cos30°=w or T === 


11. w=100N 


Y (forces in horizontal direction) = 0 
T + f cos 30°=N sin 30° 


wi 100 newton 
Y (Forces in vertical direction) = 0 
N cos 30? + f sin 30° = 100 
Y, (moment of all forces about C) = 0 
(T) (R)= fR) 


or T=f 
On solving these three equations, we get 
T = f =26.8N 


and N =100 newton 


(i) 
Gi) 


Ans. 


Ans. 


(i) 


(ii) 


(iii) 


Ans. 


1. (a) 


INTRODUCTORY EXERCISE 
"Y Net pushing force 
Total mass 
_ 120-50 
1+4+2 
=10 m/s? 
120N 
— a 
(b) 
120- R=1xa=10 
ES R=110N 
(c) F4 = ma = (2) (10) 
=20N 
. Ty=4g and T|-(Dg asa=0 
T. =4 Ans. 
T, 
q = Net pulling force .E-RI0-—20 (F =20N) 
Total mass 14-2 
- 19 m/s? Ans. 
3 
. m4g = (2) (g) + (2)g sin 30? asa=0 
m, =3 kg Ans. 


. Since surface is smooth, acceleration of both is 


g sin 0 = 10sin 30° = 5 m/s? down the plane. 


The component of mg down the plane (7 mg sin 0) 
provides this acceleration. So, normal reaction will 
be zero. 


pa SUE is given N 
4 A 
n 
mg — — = ma 
i: 4 
= 38 
4 mg 
- Net pulling force 
Total mass 
QE E ME oa ale? Ans. 
3+4+2+1 
4kg 40-T, =4a T, 224N Ans. 
3kg T, +30-7, =3a T, =42N Ans. 
ikg 7;-10=(1) (a) T;=14N Ans. 
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8. aja- Net pushing force and (x — x4) + Q4 7x) = 
Total mass (length of second string) 
B 100 — 40 23m/s? Or X + X3 — 2x4 = h .. (ii) 
6+4+ 10 On double differentiating with respect to time, we 
(b) Net force on any block = ma get 
(c) N - 402 10a 30 a x 


and a + @ — 2a, = 0 .. (iv) 
Ff 10 kg 40 Newton But 4,—-—a, [FromEq. (iii)] 


We have, a + a+ 2a, = 0 


———- à : . 
This is the required constraint relation between a, 
N = 70 newton Ans. Ganda 
2 3. 
9. (a) T, 210a, T; - T, = 20a, 60 - T; = 30a 2. In above solution, we have found that 
10 kg f Ea a +a + 2a, =0 
Similarly, we can find 
— —- à 
Vy + v; + 2v 20 
Ti 20 kg T» Taking, upward direction as positive we are given 
—>a y; =v =1m/s 


1 30 kg 60N 5 v, 2 — 3 m/s 


i.e. velocity of block 3 is 3 m/s (downwards). 


sa 
Net pulling force 60 3. 2kg 2T =2 (a) (i) 
e Total mass 104 20+ 30 1kg 10-T =1 (2a) (ii) 
-1m/s? On solving these two equations, we get 
Onsolving, we get T, 10 N, T, 2 30N Ans. T= £ N 


(b) T, = 0, T; = 20a, 60 — T, = 30a 
me Net pulling force —— 60 
Total mass 20+ 30 
= 1.2 m/s? [21 2r [22 
On solving, we get —a 
T, =24 N Ans. 


T 


mg =10N 


INTRODUCTORY EXERCISE wd Zaza =S miè 
3 


1. Points 1, 2, 3 and 4 are movable. Let their = acceleration of 1 kg block 


displacements from the fixed dotted line be 


X4, X3, x4 and x, (ignoring the length over the pulley) 4. T 
"n ks DE 
X1 A 
| h i ° s 
Dar [xs T = Ma -G 
Xo | Mg -T = Ma (ii) 
2| | On solving these two equations, we get 
3 azg 
We have, p 
x,+x,=/, (length of first string) ...(1) and T-7€9 Ans. 
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5. In the figure shown, 
Bes Net pulling force 30 — 20 
Total mass 312 


=2 m/s? 


Ci 
P» Stationary 


2kg T-20=2xa=4 
Ea T=24N 
Now, Mg =2T 
eas 
g 10 
=48kg 
6. T =m, (2a) = (0.3) (2a) = 0.6a 
F-2T = ma 
5 2T 20.4 - 02a 
On solving these two equations, we get 
2 ul 
a=- m/s 
7 
E—: »—EH— 
——-2a ———-àaà 
and 2T = Es N 
35 


T. a=at+a,=6 
d,—a,—a-4 
On solving these two equations, we get 


a-1m/s? 


Ans. 
(i) 


(i) 


Ans. 


Ans. 


(i) 
(ii) 


8. T — Mg sin 30° = Ma (i) 
2Mg - 2T = 2M (5) (ii) 
Solving these equations, we get 

a= B Ans. 
3 
2r 
T 
a 
SO m |i 
E e dd 
30* 
2 Mg 


INTRODUCTORY EXERCISE 


. (a) Fy =- may = (4j) N 


(b) F; =- mga, =(-4i)N 


. Constant velocity means acceleration of frame is 


Zero. 
INTRODUCTORY EXERCISE 
. Figure (a) N =mg=40N 
uN =24N 
Since, F<uN 
Block will remain stationary and 
f=F=20N 
Figure (b) N =mg=20N 
UsN =12N 
and U.N =8N 


Since, F > U.N, block will slide and kinetic friction 
(= 8 N) will act. 
F-f 20-8 


m 


6 m/s? 


. If O X angle of repose, the block is stationary, 


a=0, F 


^-^ net 


Oand f = mg sin 0. 
If0 > angle of repose, the block will move, 


f =umg cos 8 
a- "S sin 0 — umg cos 0 


m 
= g sin 0 — ug cos 0 and Fiet 

Further, u -tana (a = angle ofrepose = 45?) 
= tan 45°=1 


= ma 


Exercises 


LEVEL 1 


Assertion and Reason 


1. 


2. 


If net force is zero but net torque + 0, then it can 
rotate. 


If three forces are above a straight line (say AB ), 
then there should be some force below the line AB 
also to make their resultant = 0. 


A B 


. a4 =gsinð +u gcosO 


a =g sinð -ug cos0 


(a for 0 = 45° 
a l-pu 


4. For (-2i) m/s? component of acceleration, a 


horizontal force in —ve x- direction is required 
which can be provided only by the right vertical 
wall of the box. 


. By increasing F, limiting value of friction will 


increase. But it is not necessary that actual value of 
friction acting on block will increase. 


. If m >m 


- Net pulling force _ (mj — m) g 


Total mass m, + m, 
FBD of m, 
m, (m, —m;)g 


m, + nm, 


mg—-T=ma= 


_ 2mm, 


E (m, + m) 


10. 


11. 


_ 2m | _ 2m, 
mı & ME 
m, + m, m, + m 
» My + My | _ m, +m 
m, e| | zi 
m, + nb» m, + nb 


Since m, > m,, T < mg but T > mg 


Similarly, 
we can prove that 

T < mg 
and T>mg 
if m, > m, 


Therefore under all conditions 7 lies between mg 
and mg. 

A frame moving with constant velocity (a — 0) is 
inertial. 

If vector sum of concurrent forces is zero, then all 


forces can be assumed a pair of two equal and 
opposite forces acting at one point. 


R R= 


Fo 
eP 
Now, if we take moment about any general point P, 
then moment of F}, is clockwise and moment of F, 
(of same magnitude) is anti-clockwise. Therefore 
net moment is zero. 


N = mg — F sin 


F cos0 =uN =u(mg — F'sin®) 


Whe f) wi) 


F =—_—2>__ 
cos0 + wsin® 


For F to be minimum, denominator should be 
maximum. 


d 
or —(cos8 + usin8) = 0 
E H sin0) 


From here we get 0 = tan™! (u) = angle of friction. 
g g 


With this value of 0 we can also find that minimum 
value of force required from Eq. (i). 


Friction (or you can say net force on man from 
ground) is in the direction of motion. 
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Single Correct Option 
1. a= Net pulling force 
Total mass 
.Q*2-28g _g 
= 2+2+2 3 
FBD of C 


mg -T =ma="S 
T= m 
3 & 


2 


= 3 (20) 213.3 N Ans. 


|mg-F. F 


2.a 


m m 
F ; ; 
F = air resistance 


% <_ 


mg 
m4 ng 
a4 > dg and A will reach earlier 
3. Only two forces are acting, mg and net contact force 
(resultant of friction and normal reaction) from the 


inclined plane. Since the body is at rest. Therefore 


these two forces should be equal and opposite. 
Net contact force = mg (upwards) 


4. T, 210g -100N 


T, sin 30? = To 
To =—=N 
ane 
-T T 
B ga"! v. 
m m 


anin = &§ —— - 


Pn m 
22:58 5.9 g 
—E L— 

m 3 


q = Net pulling force _ 10x10—-5x10 10 a 
104 5 3 


T-5x10-5xa-77 


Total mass 
5kg 


p.20 
3 


This is also the reading of spring balance. 


8. 


10. 


11. 


2. g sin 0 B 1 
1 gsinO0 —u, g cos 0 l-Huk 


as, sin 0 = cos 0 at 45? 
On solving the above equation, we get 
Hy = 4 
F, = mg sin 0 + umg cos 8 
F, = mg sin 0 —umg cos 8 
Given that F| = 2 F, 
-.(mg sin 0 + umg cos0) 2 2(mg sin0 — umg cos 0) 
On solving, we get tan 0 = 3u 


During acceleration, 


During retardation, 


F, 
0=v-agth=v- 4, 
m 


(i) 


If í —-t, then F, =F, 
then F > Fy 


then F, «£F, 
Angle of repose 0 = tan! (u) 


and 
t >t 


So, particle may be placed maximum upto 30°, as 


shown in figure 
h-R-R cos sor (i-a 


Net pulling force F} = 15g — 5g 
F| «10g =100N 
Net stopping force F, = 0.2x 5x10-10N 


Since F, > F, therefore the system will move 
(anticlockwise) with an acceleration, 


yu 5- _% 
I5SFS5+S 25 
=3.6 m/s? 
15 kg block 
15x10-T,=15xa=15x 3.6 
B T, = 96N 
5 kg block 
T, -5x10-5xa-5x3.6 
T, 268N 
T, 68 17 
T, 96 24 


12. Acceleration of block with respect to lift 


Pseudo force = (downward) 


goes oe =ð sn 
m 


j= 28 — 2L 
a, (g + a) sin 0 


13. Since the block is resting (not moving) 
f = mg sin 0 zs mg cos 8 
f 


or m 


7 g sin O 
B 10 
10 x sin 30? 


=2kg 


14. At point P, 


F =2T cos 30° 
F 

T =— 
43 


Ans. 
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Acceleration of particle towards each other 


. component of T towards each other particle 


m 
_T cos 60° (F/43)0/2 — F 
243 m 


m m 


15. u= tan $ 


17. 


18. 


N -mg —F sin 


F cos 0 =uN = (tan 9) (mg — F sin 0) 
= ES : (mg — F sin 0) 


cos Q 


On solving this equation, we get 


_ mg sino 
cos (0 — 6) 
. N=mg=40N 
uN =0.2x40=8N 
At t=2s,F=4N 
Since F <uN 
f=F=4N 
S= E at 
2 
t zs or t ! 
= .|—. eS 
\ va 
ho a 
b Ya 
t i = 
- . |gsin0 Ug cos G 
2 Y g sin 0 
On solving this equation, we get 
3 
=— tan Ans. 
P 4 
ap, = acceleration of man relative to rope 2: 
=a = i 
Gn = Any * a, = 
= (a) + (a) T 
= 2a 
Now, T-mg-m(a,) 
=m (2a) mg 
T =m (g + 2a) Ans. 


Note Manslides down with a deceleration a relative 


to the rope. So, dy, = + a not —a. 
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19. in^ rate means, net force — 


uw er 
(50 +25) g 


3T -275g- t 
or T =250N Ans. 
20. N,-uN, (i) 
N,=w (ii) 
EM; = 
3 2: 
w (5) =N, (4) (iii) 
2 
A N; 
Np 
B 
e uNa 
w 
On solving these equations, we get 
3 
=— Ans. 
n 8 


In the figure, N, is always equal to wor 250 N 


Bs 


w=250N 


Maximum value of friction available at B is 
uN, or 75 N. 


7 ae intr d 
M 


.Mg-umg g 


Now at the mid point 
—-a 


uu t 


M M 
sor 


«t 


: 1 
Putting u = 3° we get 


T= Mg Ans. 
2 
23. Angle of friction @ = tan ! (u) 
1 
or @ = tan"! | —|=30° 
H 
F 
6. 


Suppose the body is dragged by a force F acting at 
an angle œ with horizontal. Then, 


N = mg —F sina 
and F cosa =uN =u (mg — F sina) 
m : 
22 Me- Ai) 
cos + u sind 


F is minimum when denominator is maximum or 
d . 
— (cosa + u sina) - 0 
da 


or —sin & + u cosa = 0 
1 


43 
a = 30°, the angle of friction® 


At a@=30°, force needed is minimum. 
Substituting the values in Eq. (1) we have, 


1 
"M G5) (25) (g) 
mn (Q3/2)* (0/43) (1/2) 
=12.5¢ 
-]2.5 kgf Ans. 


or tana =U = 


Note From this example we can draw a conclusion 
that force needed to move the block is 
minimum when pulled at an angle equal to 
angle of friction. 


24. N =mg=40N 
uN =32N 
Applied force F = 30 N < uN 
Therefore friction force, 
f=F =30N 
Net contact force from ground on block 


=JN7+ f? =50N 


25. Maximum value of friction between B and ground, 
=—UN -p (my + mg) g 
= (0.5) (2+ 8) (10)2 50 N 
Since applied force F — 25 N is less than 50 N. 
Therefore system will not move and force of friction 
between A and B is zero. 


26. mg sin 0 = (10) (10) (3/5) = 60 N 
This 60 N » 30 N. Therefore friction force f will 
act in upward direction. 
F 


Ans. 


N 


F 2 JN? f? = net force by plane on the block. 


27. If force applied by man is F. Then in first figure 
force transferred to the block is F, while in second 
figure force transferred to the block is 2F. 


(i) (ii) 
28. Total upward force = 4 (=) =2 mg 


Total downward force = (m + m) g = 2 mg 
Net force = 0 
pr 
2 
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29. Maximum friction between two, 


Snax “UN = mg 
upper block moves only due to friction. Therefore 
its maximum acceleration may be, 


Anax = A -Hg 


Relative motion between them will start when 
common acceleration becomes ug. 
_ Netforce at 


~ Total mass 2m 
s= 2u mg 

a 
30. a, =g sin 30° = g/2 

a =g sin 60° 

= 3 g/2 
a, = |a, — a5] 
Angle between a, and a, is 30° 


Ans. 


a, - Jal + a, — 2a,a, cos 30° = 


nN [08 


Subjective Questions 
1. 


LA =0 
F —3 cos 60° — 10 sin 60° = 0 
F=10.16N Ans. 


LF,=0 
R + 3 sin 60? — 10 cos 60° = 0 
R=24N Ans. 


2. Resolving the tension 7, along horizontal and 
vertical directions. As the body is in equilibrium, 


V/ 


T2 
B 4 kg wt. 


T, sin 60° = 4 x 9.8 N Nd, 
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T, cos 60° = T, (ii) 
4x98 4x98x2 
~ sin 60° = V3 
= 45.26 N Ans. 
T, = T, cos 60° = 45.26 x 0.5 
= 22.63 N Ans. 
3. (a) AtP 


At P, G5 (i) 
w=T cos 45? = = ...(11) 
v2 
AtQ, F= E (iii) 
v2 
From these three equations, we can see that 
F,=F,=w 5 5 30/2N Ans. 


4. Various forces acting on the ball are as shown in 
figure. The three concurrent forces are in 
equilibrium. Using Lami’s theorem, 


sin 150° sin 120° sin 90° 
T, T, 10 
or = = 
sin 30° sin 60° 1 
T, =10 sin 30° =10 x 0.5 
=5N Ans. 
and T, =10 sin 60° - 10x33 
= 54/3 N Ans. 
5. H =T cos 60° => ...(i) 
V +T sin 60° = 40 ...(ii) 


Y M,=0 
40 (J) =T d sn 60?) or r= oN 


V3 


T 


mg=40N 


H-2 and V =20N 


V3 
Net hinge force = 4g +y’ = = N 


aA 


J 


mg 


ForA T cos 45? = ma 


or T = V2 ma 
For B mg -T cos 45° = ma 


mg -ma-ma or a= 


tà |% 


I 


= 
oq 


Substituting in Eq. (1), we get T = 


Si 


ae Net pulling force _ 8 
1-241 
-2m/s? 
Tg 8 — T; = ma = (1) (2) 
& T =6N 
T, T, = ma= (2) (2) 
=4N 


Total mass 


- (a) T; - 2g = 2a 


T, =2(g +a) 
= 2 (9.8 + 0.2) 
=20N 


Ans. 


(i) 


Ans. 


10. In figure, AB is a ladder 


(b) T; - 5g = 5a 


T,-5(g-a) 
= 5 (9.8 + 0.2) 
-50N 
. Net pulling force 


. (a) a 


Total mass 
. 200-16 x 9.8 


16 
= 2.7 m/s? 
(b) 200 — 50 — T, = 5a 
T, 2200—5x2.7— 50 
=136.5N 
(c) T) — 9g = 9a 


T2 


a 


IC 


T, =9(g+a) 
= 9 (9.8 + 2.7) 
=112.5N 
of weight w which acts Ny A 
at its centre of gravity 
G. 
Z ABC = 60° 
Z BAC = 30? 
Let N, be the reaction 
of the wall, and N, the No Ww 
reaction of the ground. 
Force of friction f 
between the ladder and 60` f 
the ground acts along B C 
BC. 
For horizontal equilibrium, 


f=N, NO 


11. 


12. T sin 0 — mg sin 30° = ma => 
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For vertical equilibrium, 
N, =w .. (ii) 
Taking moments about B, we get for equilibrium, 


N,(4 cos 30°) — w(2 cos 60°) = 0 .. (iit) 
Here, w= 250N 
Solving these three equations, we get 
f=7217N 

and N,=250N 

cd 27247 

^N, 250 

— 0.288 Ans. 


Constant velocity means net acceleration = 0. 


Therefore, net force should be zero. Only two forces 
T and mg are acting on the bob. So they should be 
equal and opposite. 
Asked angle0 = 30° 

T =mg = (1) (10) 2 10N 


mg 


T sin 0 = mg (i) 
T cos 0 = mg cos 30° 
3 is 
or T cos0 = = (ii) 
Solving Eqs. (1) and (ii), we get 
2 
0 = tan! (=) Ans. 
43 
and Ie v7 mg 
2 
=5/7N Ans. 
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13. a= Net pulling force 
Total mass 
.2g-(Dg 

241 

e 18 m/s? 
3: 3 
After 1 s, 

10 
v=at=— m/s 

3 


At this moment string slacks (T`= 0) 


10 m 1 kg 2 kg u=0 
3 


g S2 g 


$1755 
10 1 5 2 2 
—t——gt^ =— gt -]0 m/s* 
Cini =E (g ) 

On solving we get, 

1 
t-—s Ans. 

3 


14. Since, acceleration of block w.r.t. wedge (an 
accelerating or non-inertial frame of reference) is to 


be find out. 
N 
\9 
mg + Fp= mg + ma 
xa 
NO 
A" 
ane j 0 


FBD of ‘block’ w.r.t. ‘wedge’ is shown in figure. 
The acceleration would had been g sin 0 (down the 
plane) if the lift were stationary or when only weight 
(i.e. mg) acts downwards. 
Here, downward force is m(g + a). 

Acceleration of the block (of course w.r.t. 
wedge) will be (g + a) sin 0 down the plane. 


AR a= Net pulling force 
Total mass 
a 
<5 
my}? 
M, 
aa— "E (i) 
m +m +M 
mı N cos30° = mg ...(11) 
N sin30? = m;a (iii) 
I 
1303 N 
—a 
30° 
mı 
From Eqs. (ii) and (iii), we get 
g 
a = gtan30? = — 
i 43 
Substituting this value in Eq. (1) we get, 
M = 6.83 kg Ans. 
16. (a) With respect to box (Non-inertial) 
a=5m/s? 
(due to pseudo force) 
1 2 
X = Xo t ut 2 at 
= xo + 10t — 2.52 Ans. 
Vy, =u, + at =10—5t Ans. 
(b) v, =0 at2s=f (say) 
-. To return to the original position, 
time taken = 24, = 4 s Ans. 


17. (a) In car's frame (non-inertial) 
a, = — 5 m/s? (due to pseudo force) 
u,-0 
a,=0 
u, =10 m/s 


1 
Now apply, v =u + atand s= Sọ + ut + af? 


in x and z-directions. 
(b) In ground frame (inertial) 
a, =0,u, =0,a,=0and u, =10 m/s 


18. Relative to car (non-inertial) 


sone — p ae 


ap =|, =3 m/s? 
gee 


ax 
a, is due to pseudo force 
a, =- (5+ 3)=-8 m/s? 
Block will stop when 
vy, =0=u +at=10- 8t 
or at t=1.25s 
So, for ź < 1.25 s 


— 1 2 
X = Xo + ut + 2 at 


=x, + 101-42 


Y. =u, + at —10— 8t 
After this u, g » 5 m/s? as pi, > 0.5 


Therefore, now the block remains stationary with 
respect to car. 
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= (6) (10) ($) 


=52N 
(a) Force needed to keep the block stationary is 
F =F -usN (upwards) 
= 52-18 
=34N (upwards) 


€^ 
us N 


Ans. 


f 
60° 


(b) If the block moves downwards with constant 
velocity (a = 0, F = 0), then kinetic friction 


, net 
will act in upward direction. 


Force needed, 


F,=F -uN (upwards) 
=52=12 
=40N (upwards) Ans. 
ý 
ukN 


R 
D 
Or A60° 


19. 
(c) Kinetic friction will act in downward direction 
F — 52-12 = ma = (6) (4) 
F, = 88 N (upwards) Ans. 
es 
a 
zT 
N cos 37? + f sin 37? = mg a(i) 
N sin 37° — f cos 37° = ma si) a 
On solving these two equations, we get 60° 
= 3.6 
= 5s mg Ans. ye 
20. N = mg cos 60° 21. Asshown in Fig. when force F is applied at the end 
1 of the string, the tension in the lower part of the 
E sl 
UsN =18N 
uN =12N Fæ T T 
Driving force F = mg sin 60° F il 


= force responsible to move the body downwards 
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22. 


23. 


24. 


string is also F. If T is the tension in string 
connecting the pulley and the block, then, 


T -2F 
But T = ma = (200)1) 2 200N 
E 2F =200N 
or F=100N 
N=F=40N 
f 

Y F 

a N 

EJ 

mg=20N 


Net moment about C = 0 


-. Anti-clockwise moment of 
f = clockwise moment of N 


(20) (2 = (40):x 


or x-5cm Ans. 


Force diagram on both sides is always similar. 
Therefore motion of both sides is always similar. 
For example, if monkey accelerates upwards, then 
T > 20 g. But same T is on RHS also. 


T T 
20g 20g 


Therefore, bananas also accelerate upwards. 
T,=3T,T, =T 


In such type of problems 
ax— 
|ag|= 3 |a4] 


or dg =—3a,, as a, and ag are in opposite 
directions. 


25. 


26. 


X EE s s 


Fixline 


— constant on double differentiating with respect to 
time, we get, 


d, + 2ag + a; =0 Ans. 
P, 2T, - 2T, 
B T, =T, nÀ 
1kg T, = (1) (a) (ii) 
2kg 7,-20-2 Ç = 3 „Gii 
a i 
3kg 30-7, =3 (a + 2) (iv) 


a _ 50 2 


a =a, -—=-—m/s 
2 11 
50 
or a= Ti m/s? (downwards) 
70 2 
@ =a, +-= 11 m/s” (downwards) Ans. 


27. 2T —50- 5a ...(1) 
40—T =4 (2a) (ii) 
On solving these equations, we get 
2T T 
Ea |: 
50N 40 N 
a- 19 m/s or $ Ans. 
7 7 
and 2a- 29 m/s? or = Ans. 
28. p= =ug =3 m/s? 
m 
— a 


Ol f=umg 


(a) Relative motion will stop when velocity of 
block also becomes 6 m/s by the above 


acceleration. 
v=at 
f= B = 6 22s Ans. 
a 3 
(b) S= ; a = ; (3) 2" 26m Ans. 


29. 2 kg block has relative motion towards right. 
Therefore, maximum friction will acts on it towards 


left. 
f =HN = (0.4) (1) 10) 24 N 
a=—=4 m/s? 
1 
a LE m/s? 
2 
1kg 2 m/s 
4N 
— a, 
->H 
4 
2kg 8 m/s 
<— do 


(a) Relative motion between them will stop when, 


v 2 Y, 
uj + at = Uy + at (i) 

2+ 4t=8-2t (ii) 

or t=l1s Ans. 


30. 


31. 


32. 
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(b) Substituting value of '?' in Eq. (ii), either on 
RHS or on LHS, common velocity = 6 m/s Ans. 


1 
(c) Sı = ut + 3 at 


= (2) (1)4 : (4) Q 24m Ans. 
1 2 
$5 = unt + 2 at 
= (8) (D4 ; (-2) (0 27m Ans. 
N =20 N = applied force 
usN =16N 
and UN =12N 
Driving force F=mg (downwards) 


Since, F >us N, block will slide downwards and 
kinetic friction of 12 N will act in upward direction 
"e F-uyN 
m 
_ 20-12 


(downwards) 


=4 m/s? Ans. 


(downwards) 


Snax “UN — [mg 
=0.8x2x10=16N 


Block will not move till driving force F — 2f 
becomes 16 N. This force becomes 16 N in 8 s 


Fort<8s 
a=0 


Fort>8s 
_F = fux 26-16 
m 2 


a a=t-8 


ie. a-t graph is a straight line of slope +1 and 
intercept —8. 
Corresponding a - t graph is shown below 


a (m/s?) 
45? 
á t (s) 
N =mg=60N 
Us N =36N 
UgN =24N 


Driving force F = 4t 
Block will move when, 

F-ugN or 4t=36 > 
Forzx9s 


t=9s 


a=0 
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Fort=>9s 


At 9s block will start moving. Therefore kinetic 
friction will act 
F-UgN 
a -———À— 


-. a-t graph is a straight line 
Att29s,a-22m/s? 


The corresponding a - t graph is as shown in figure. 


LEVEL 2 


Single Correct Option 
1. Maximum value of friction between A and B 
fina RN = mg 

20.3x 50x10 
=150N 

Maximum value of friction between B and ground 

Cfo)nx =HN 2 =H (my + mg) g 
= (0.3) (120) (10) = 360 N 
Force diagram is as shown below 
T 


p 


1 


—h fh fi 
MQ 
T, ux 2T, + (AV max + (fy) max 
= 300+ 150+ 360= 810 N 
T, =m. 
m, a2 kg Ans. 
g 10 
dv > ^ 
2. a=— «(8i - 4tj 
p ( j) uu a 
Atis F «a = ma = (1) (8i — 4j) = (8i — 4 j) 
=W+F 


where, F= force on cube 
F =(8i -4- w 
= (8i - 4j) - C10j) 
= (8i + 6j) 
or IF|= (8) + (6° 
=10N Ans. 


3. During motion of block, a component of its 
acceleration comes in the direction of mg cos 0. 


Therefore, 
Motion relative 
mg cos 0 to wedge 
mg cos ð > N 


4. Maximum friction available to m, is 


Cf, nex) -Wmyg 
Therefore maximum acceleration which can be 
provided to m, by friction, (without the help of 
normal reaction from m) is 


= m = 
amx = Sug 
m 
If a> ug, normal reaction from m, (on m,) is non 
Zero. 


a — g cot 0 Ans. 
6. x + y= constant 

>V] x 

[Į 

—Vo y 

[B] +i 
dx dy _ 
dt dt 


: JE] 


Or YQ — V9 = VQ Ans. 


7]. a, = E = 39 nig? 
m+m, 7 


_ (m ~ my) g 
y= 
m, + my 
10 
= — m/s? 
7 
m,g — mg sin 30° 
i= 
3 
m, + m 
10 
-— m/s 
7 
dj > a = 4; 
8. T -umg = ma 
-— à 


T -umg + ma 
F -T -umg = ma 
<. F — umg — ma -umg = ma 


or a= £ -u 
2m £ 


10. z=)? + e 


Now, w+ y+z=l 
or w+ y+ Wetec sl 
d d d 

LN api 2 Sig 


dt dt [242 dt 
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T ( 2) 1 3 _ dy i) 
dt z\ dt dt 


X : 
and — — sinO 
Z 


Substituting these values in Eq. (1) we have 


Ais; v; (l+ sin0) 2 v, Ans. 
11. On the cylinder 
If N =normal reaction between cylinder and 
inclined plane 
N sin 0 = horizontal component of V 
= ma (1) 
N cosO = vertical component of N 
=mg (i) 
Dividing Eq. (i) by (ii) we get, 
tan =£ 
g 
a=g tan Ans. 
Ans. 12. With respect to trolley means, assume trolley at rest 
and apply a pseudo force (= ma, towards left) on the 


bob. 


mg sin 0 — ma cos 0 


net 
m 


=g sin ð — a cos Ans. 
13, q - Net pulling force _ (M —m)g (i) 
Total mass (M +m) 
Since, M>>m 


Ea M-m=M+m=M 
Substituting in Eq. (1), we have 
aeg 
FBDofm T —mg-ma-mg 
T =2mg Ans. 
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14. Leta = angle of repose 
For <a Block is stationary and force of friction, 
f =mg sin® 
or f «sin® 
i.e. it is sine graph 
For >a Block slides downwards 
f =umg cos 8 
or f «* cos 0 


i.e. now it is cosine graph 
The correct alternative is therefore (b). 


15. If they do not slip, then net force on system = F 


Acceleration of system a = — 


3m 
T=F 
F 
FBDofm F -umg = ma= * 
—-à 
umg 
2F 2F 
umg =— or = Ans. 
3 3mg 


16. FBD of m w.r.t. chamber 


Relative acceleration along the inclined plane 


_ ma cos® + mg sin 0 
A 


m 
= (a cos 0 + g sin 0) 


2s 2L 
t= = : Ans. 
a, a cos 0 + g sin 0 


N 


ma 
(pseudo & 


force) A” 


a2 
mg 
17. FBD of m w.r.t. wedge 


Relative acceleration along the inclined plane 


_ ma cos 0 — mg sin 0 
b 


m 
—acos0 -g sin O 


18. 


- (1043) B — (10) B 


=10 m/s? 
2 
TEL 2x1. 1 & Ais 
a, 10 45 
a2 
N p 
SK 
$ a (Pseudo force) 
=ma 
Pb 
mg 


Cfi )max =u Ng = 6N 


(Ay) max =umg = 10N 
At t=2s,F’=4N 
Net pulling force, F, = F- F' =11N 


—| fn 


f, =1N 


wat — 15N 
h =10N 


Total maximum resisting force, 


F = (Simax + (fra =16N 


Since F; < Fy, system will not move and free body 
diagrams of the two block are as shown in figure. 


19. a= Net pulling force 
Total mass 

_ 2mg sin 30° g 

2m+ m 3 

-—— i 
PE 
a 
FBD of m 
T =ma=mg/3 


Resultant of tensions 
R - - (T cos 302) i — (T sin 30° + T) j 


Putting T = mg/3 
V3 > mg. 
R=-— mgi -— j 
6 » 2! 


Since, pulley P is in equilibrium. Therefore, 


F+R=0 
where, F = force applied by clamp on pulley 
F=-R="5 Sis) Ans. 


20. (frig max “Hym g = 0.6 x 2x10=12N 


(Sake max 7 Har4g =0.3X4x10=12N 

Net pulling force F =16 N and 

Net resistive force F” = (fo kg max + (Jå kg max 
=24N 

Since, F « F', system will not move and free body 

diagrams of two blocks are as shown below. 


T F=16N 


f; f, = 12N 
4 kg T+12=16 2 T-4N 
2kg h=T=4N Ans. 


21. FBD of rod w.r. t. trolley 


Pseudo force 
-ma 


mg 
N,=ma (i) 
N, =mg ..(ii) 


Net torque about point C = 0 


N, E sind) =N, E cos o) 
2 2 


or (ma) (sin 0) = (mg) (cos 0) 
=> a — g cot 0 Ans. 
22. v- 26 
a- Cis -4t 
dt 

At t=ls, 

a=4 m/s? ...(1) 
Limiting value of static friction, 

Jı -us mg 
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Maximum value of acceleration of coin which 
can be provided by the friction, 


M 


Imax = — =Hs & (ii) 
m 
Equating Eqs. (i) and (ii), we get 
4 =us (10) 
Us = 0.4 Ans. 


23. Just at the time of tipping, normal reaction at 1 will 
become zero. 


Y (moments of all forces about point 2) = 0 


i 


WA Wo 
H- m> x 
w (4)=w (x) 
or x= mu o q0g) _1 m Ans. 


w 80g 2 


24. In vertical direction, net force = 0 


N,cos0-mg or N,= “= (i) 


cos 0 


Under normal condition, normal reaction is, 
N,-mg cos® ...(11) 
N 
—2 = cos” 0 Ans. 
1 


25. Y (moments of all forces about point C ) = 0 


«o 
Nz 


f= mg sin 0 


+ 


oe mg cos0 


0-45? 
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sN 
or (mg sin 0) (2) = (mg cos0) x 


At 45?, sin 0 2 cos 0 


26. 
f-F 
_ mg ix 
— 3 
Y (moments of all forces about point C ) = 0 29. 
a a 
Nxe=F-—+ f- 
2 f 2 
mg (a mg {a 
or mg) x= 
(mg) 3 (3 3 (3 
or x= 2 Ans. 
3 
2j EE 
2 4 4 
Na Ng 
x C y 
w 
m 
7 2 6 3 
Y (moments of all forces about point C ) = 0 
^ Ny x= Ng y 30 
or Na -J- 2 Ans. 
Ng x 3 
28. Let acceleration of box at this instant is 'a' (towards 


right). 
FBD of ball w.r.t. box 


Net force in OP direction is zero 
ma m, . 
ma "e NO 
am. «d 

FBD of box w.r. t. ground 


—-a 
A45? 


T cos 45? 2 ma 


or = J2 ma 
Substituting in Eq. (1), we get 
a= E Ans. 
3 
2 = tan 37° = 3 
a 4 
a=12 m/s? 


Let N = normal reaction between rod and wedge. 
Then N sin 37° will provide the necessary ma force 
to the wedge 


P 

PN 

* I 
^ 

^ I 

^ 

I 

I 

I 

[ 

I 


N sin 37° = ma = (10) (12) = 120 


. 120 120 
sin 37° 0.6 
-200N Ans. 
N = ma 
f, =uN = 0.5 ma 4 
Vertical acceleration, | —-N 
mou f, —-a 
aq = 78 — Jt og 05a ie 
m 
=10-0.5x4 mg 
=8 m/s? 
] 1 5 
Applying s — 3 at 
2s . : : : 
or t=,/— in vertical direction, we have 
a 
r= -05s Ans. 


31. 


32. 


33. 


T -(nm+M)g=(nm+ M)a 
n (mg + ma) - T — Mg — Ma 
T 


—3- 


(nm M) 


_T-M (gta) 
m(g+a) 
T dk -M (g * a) 
m(g +a) 
_ 2x10^ — 500 (10+ 2) 
80 (10 + 2) 
= 14.58 
But answer will be 14. 


or n 


Nmax = 


Ans. 


It implies that the given surface is the path of the 
given projectile 


2 
gx 

=x tan 0 —- —92——— 

7 2u? cos? 0 
2 
— x tan 60? (10) x 
(2) (20} cos? 60° 

y=vV3 x- 0.05 x” (i) 


Slope, LAN pag (ii) 
dx 


At y-5m 
5-43x-0.05x? 
or O005x-J43x45-20 
ME EET ERRE EESE 
0.1 0.1 


From Eq. (ii) slope at these two points are, —/2 and 
42. 


Horizontal displacement of both is same (= /). 


Horizontal force on A is complete 7. But horizontal 
force on B is not complete T. It is component of T. 
So, horizontal acceleration of B will be less. 


T 


tg > t4 


34. 


35. 
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Maximum value of friction between 10 kg and 20 kg 
is 


f 


(f\)max = 0.5 X10 10=50N 
Maximum value of friction between 20 kg and 30 kg 
is 
(fo)max = (0.25) (10 + 20) (10)= 75 N 
Now let us first assume that 20 kg and 30 kg move as 
a single block with 10 kg block. So, let us first 
calculate the requirement of f , for this 


100— f; 210a 
fi= 50a 
On solving these two equations, we get 
fi = 83.33 N 


Since, it is greater than (fj),,,, so there is slip 
between 10 kg and other two blocks and 50 N will 
Now let us check 


act here. 
whether there is slip [20 s] kg 


between 20kg and f 

30 kg or not. For this 

we will have to 

calculate 

requirement of f} for no slip condition. 
50- f,220a and f,=30a 

On solving these two equations, we get 

f,230N and a-1m/s? 


Since, f, is less than (5). so there is no slip 
between 20 kg and 30 kg and both move together 
with same acceleration of 1 m/s”. 


ARIS _ 


cos 8 = 0.8 


0 = 37° 


3 
H = tan 0 = tan 37° = 


V2 
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At point P 
2T cos0- F 
a F 
~ 2cos0 


At mass m 
Component of T along the other mass m is T sin 0 


: a= Tene _[ F (2) 
Ans: m 2 cos 0 m 


F- 2ma 2x03x2.5 
tan 0 (3/4) 
L ——- Lift =2N Ans. 


36. VAL 7 V4 — Vp E 
V4 7 Var + Vz 
=(-2)+ 2=0 


Let z= length of string at some "7 38. x ^ x «4 y + à =1= length of string 
instant. Then, 


i m/s 


Differentiating w.r.t. time, we get 


Fixed 
= dz =2 m/s (Given) 
Now, y=x-(z-x)=2x-z or "ed d 
d dx dz 
Ec =2 = + (-=) B vy 22 vg cos 
= (2) (10) (0.8) 
=2(2m/s)+ 2 m/s =16m/s Ans. 


— 6 m/s = vg Ans. . - . 
39. Maximum force of friction between c and ground is 


37. Relative acceleration (f.)max = (0.5) (60) (10) = 300 N 


Since it is pulling the blocks by the maximum force 
(without moving). Therefore the applied force is 
F =300N 


(Sap) max = 0-4 X 60 x 120 x 10= 240 N 
(foc max = 0-3 X 120 x 10 = 360 N 


Since (fgg )max is greater than 300 N, blocks will not 
move. Free body diagrams of block are as shown 
below. 


f-0 
EN — - 
F =300N 


foga 300N 

40. Leta, — ai 
Then, ajg 784,—48g 
=(15—a)i+15j 


Since, a4, is along the plane as shown in figure. 
tan 37° = 2a D 
4 15-a 


Solving this equation, we get a = — 5 


or ag = (5i) 


41. Acceleration, 
2F-F F 
a = = 
m+m 2m 


(towards left) 


Horizontal forces on B gives the equation, 
2F —N sin 30°=m-a 


or 2F — a -m E 
2 2m 
N=3F Ans. 
42. Distance AB = constant 
B 
LS 
L| 
1 A 
u 


-. Component of v along BA = component of u 
along BA 

or v cos 60° = u- cos45° 

or v242u Ans. 
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43. Let a = maximum acceleration of A. 


Under no slip condition acceleration of B is also a 
FBD of A w.r. t. ground 


(ii) 
Solving these two equations, we get 
1+ 
a=g (=) Ans. 
I= 


44. For M, and M, 


_ Mog - 
M, + M, 
E 
2 
Now FBD of M, gives the equation, 
Mg-T-2M,a- E 
T- Mog 
2 
or 2T =Mog 


Now taking moments of forces about support point 
Mig (h) = QT) b = (M5g) Bh) 
—=3 Ans. 


45. Resultant of N and N (= 42 N )isequalto mg cos 0 
J42N = mg cos 0 
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_ mg cos ® 
V2 


N N 


N 


Now kinetic friction will act from two sides 
a- PE sin 0 — 2u, N 


m 
Substituting the value of N, we get 


a=g (sin 0 -V2 u; cos 0) 
46. /, — force of friction between 2 kg and 3 kg 
(fi) = 0.5 X3Xx102 15 N 
f; > force of friction between 2 kg and 1 kg 
(fo) max = 0.3X 5X10=15N 
f; — force of friction between 1 kg and ground 
(fy) mmx 70.1X6x102 6N 


When F »6N system will start moving with a 
common acceleration 


a eet msg 


Ans. 


234241 16 
f -—a 
1 kg 
6N 
f,-62-()a2—-3 
F 
2 
Since F is slightly greater than 6 N 
Á«15N or «(fp 
No slipping will occur here 
-——à 
fo 
1 kg 
6N 


f-6-0(9-— -1 


F 
h= * > 


Again f, < (fy)max- SO no slip will take place here 
also. 


AT. (fi), = between 1 kg and 2 kg 


u= 0.2 
30 N 


u= 0.5 
k—1m—>] 


=0.2x1x10=2N 
(f>)max = between 2 kg and ground 
> 4 


1 kg 
2N 


2N —> ap 


15N 


=0.5x3x10=15N 


S Ans. 


More than One Correct Options 


1. Maximum value of friction between two blocks 


fax = 0.2X1X10=2N 
In critical case, 
T=2N 
F=T+2=4N 


System is in equilibrium if f < 4 N Ans. 
For F>4N 

F-(+2)=ma= (1) (a) (i) 

T-2-m,a-()(a) w(i) 


n 
> 
4 
N 
= 


On solving these two equations, we get 


T=Ż 
2 
When, F=6N, T=3N Ans. 


2. Resultant of mg and mg is J2 mg. 


To i 
By 


mg 
Therefore 7, should be equal and opposite of this. 
or T,- a mg (i) 
Further, T, cos p = mg (ii) 
and T, sin B = mg .. (ili) 
or sinB=cosB = B=45° 


T, cosa = mg + T, cos 


or T, cosa = 2 mg (iv) 
. 1 
T, sin & =T, sin B = 42 mg (=. 
T, sin & = mg .(V) 
Ti i 
a I 
I 
mg 
B 
B 
mg 


From Eqs. (iv) and (v), we get 
tan a= 5 and 7,-45 mg 


tanB -tan45?-1 and T7,-42 mg 
tanB=2tana and J27,=V57, 
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3. a= slope of v - t graph 
--1m/s? 
Retardation = 1 m/s? = Bme ug 
m 
1 1 
or u=—=—=0.1 
g 10 
If is half, then retardation a is also half. So using 
v=u-at 
or 0-u-at 
u 
or t=— or t«— 
a a 
we can see that ¢ will be two times. 
4. Maximum force of friction between A and B 
Cfi)ga = 0.3 x 60x102180N 
Maximum force of friction between B and ground 
Cf) = 0.3 X (60 + 40) g = 300 N 
A |——> T= 125N 
f 
—- fi 
h 
Both are stationary 
f, =T =125N 
h=T + fi =250N 
5. a, = JEMEN. gsinO 


m 
N x AAN , 
S 
"P mg cos 0 


Itis also moving in y-direction 


mg cos0» N 
à _ mgcos0-N 


1 
l 
I 
l 
1 
l 

ay ! 
l 
l 
' 
I 
1 
l 
l 
l 
' 
I 


Now, 


a=Jat+a. >gsin® 


564 e Mechanics - I 


6. Maximum value of friction between A and B is 


(A) max -0.25x3x102 7.5 N 
Maximum value of friction between B and C 
(fu = 025x 7x10217.5N 


and maximum value of friction between C and 
ground, 


(fs = 025 X 15x 10 =37.5N 
Fo = force on A from rod 


SEE a (f)max = 17.5 N 
€ TT (thnx = 87.5 N 
If C is moving with constant velocity, then B will 
also move with constant velocity 
For B, T =17.5+75=25N 
ForC, F =17.5+ 25+ 37.5 = 80 N 
For F = 200 N 
Acceleration of B towards right 
= acceleration ofC towards left 
=a (say) 
T-7.5-17.5=4a s0) 
200 — 17.5 — 37.5 -T = 8a (ii) 
On solving these two equations, we get 


Then 


a=10 m/s? 
. Since, u; >H, 


Cfi Jas > (fy) max 


Further if both move, 
_ T -umg 
m 


a 


u of block is less. Therefore, its acceleration is more. 
. N cos0 = mg =10 5 (1) 


N sin0 2 ma-5 ... (H1) 
On solving these two equations, we get 
N I 
I 
Q! 
a<— 


mg 


N 2545N and tan 8 == 


9. 


10. 


11. 


12. 


f, > force of friction between 2 kg and 4 kg 


f; > force of friction between 4 kg and ground 
(s) = 0.4 X 2x102 8N 
Fy 202x2x1024N 
(Js, max = 9.6 x 6x 10 = 36 N 
Fx, 204 x 6 x 10 =24N 
Att = ls, F =2N < 36 N, therefore system remains 
stationary and force of friction between 2 kg and 
4 kg is zero. 


At t=4s,F =8N<36N. Therefore system is 
again stationary and force of friction on 4 kg from 
ground is 8 N. 


At t=15s,F=30N<36N and system is 
stationary. 
Net pulling force = 0 
> a=0 
T,=1xg=10N 
T; =2xg=20N 
T, = 20+ T, =30N 
Tmax = 0.3X2X10=6N 
Att=28s,F =2N< fux 
b f=F=2N 
Att=8s,F =8N> fux 
f=6N 
Att=10s,F =10N> f 
f=6N 
a des Pi 2 m/s? 
m 2 
F= fax =ONat6s 
For6s<r<10s 
ga es 
m 2 
v 10 
| dv= f adt = | (0.5¢- 3) at 
0 6 
v=4m/s 
After 10 s 
a elles ae 2 m/s? 
m 2 
= constant 
Y=vt+at 
=4+ 2 (12-10) 
=8m/s 


Maximum force of friction between 2 kg and 4 kg 
=04x2x10=8N 


2 kg moves due to friction. Therefore its maximum 


acceleration may be 
8 2 
Omax = ris 4 m/s 


Slip will start when their combined acceleration 
becomes 4 m/s? 


F 2t 
a- or 4= 


or t=12s 
m 
Att=3s 
page a 
m 6 6 
=1 m/s? 


Both a, and a, are towards right. Therefore pseudo 
forces F (on 2 kg from 4 kg) and F, (on 4 kg from 
2 kg) are towards left 

F, =(2) (0) =2N 

Fy, =(4)()=4N 
From here we can see that F| and F, do not make a 
pair of equal and opposite forces. 


13. See the hint of of Q.No-10 of Assertion and Reason 
type questions of Level-1. 


Comprehension Based Questions 


1. Letug =p, then us = 2u 
According to first condition, 
F + mg sin O =uş mg cos =2u mg cosO. ...(1) 
According to second condition, 
mg sin 0 =F + ug mg cos ® 
=F + umg cos® (ii) 
Putting 0 = 30°, we get 


F + mg/2 =2umg ($) 


or 43 umg =F + 0.5 mg (iii) 
mg TE 
=Ft+um 
E rene [S 
or 0.5 43 u mg = 0.5 mg —F (iv) 
Dividing Eq. (iii) and (iv), we get 
Fpa” Ans. 
6 
2. Substituting value of F in Eq. (iii), we have 
2 
u= NT =Ux 
4 
Hs = 2u E 343 
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3. a- f tg sin ® -pg mg cose 


m 


2 43 
mg/6) + (mg/2) - | —= | mg | — 
M ) + (mg /2) (x) «(3 
m 
z$ Ans. 
3 
4. F' = mg sin + iy mg cos 
_ me 4 mg V3 
2. x3 2 
- Img Ans. 
6 
5. F” = mg sin 0 + ug mg cos® 
2 43 
= (mg/2) + | —= | mg | — 
(mg/2) (x) 1i £) 
= sme Ans. 
6 
6. Acceleration a, = 1290 x28 aia 
1200 
=1.225 m/s” y= 0 
_ ho 
Retardation, a, = 1409.g = 1000.g. a2 
1200 
= 1.63 m/s? a 
aiio ie hjar 
h-h-225  .() 
u=0 
v = 2a h or J2ah 
or 2a, h, =2ah 
am (ii) 
h a 
se cda 
1.225 
Solving these equations, we get 
h -143m Ans. 
7. v 2 2a, =./2 «1.225 x 143 
= 5.92 m/s Ans. 


8. tano = s ES o= tan" (È) = 28° 
15 15 


(Jai )max = 0.2 X 170 x 10 x cos 28? 
= 300.2 N = 300 N 
(Jo )max = 0.4 X 170 x 10 x cos 28° 
= 600.4 N = 600 N 
Now, 
(m, + mg) g sin 0 = (340) (10) sin 28° = 1596 N 
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Since this is greater than (fy)max + (/3)max> 
therefore blocks slides downward and maximum 
force of friction will act on both surfaces 


Srotat = une * (fp )max 


= 900 N Ans. 
9. ae (m, + mg) & sin 0 — total 
m4 mg 
-1596-900 3 1 m/s? 

340 

zc F 
Sa 
E» 
qo? 


F =force on connecting bar 

my g sin O — F —(fy)max = M44 

F=myg sin O — ( fi )max — M44 
= 170 x 10 x sin 28? — 300 — 170 x 2.1 
=141N Ans. 


Match the Columns 
1. F=2t 
H, mg = 20g, 
umg —20u, 
(a) Motion starts at 4 s 
i F =u, mg 
> (2) (4) = 20p, 
s u, =0.4 
(b) At 4 s, when motion starts, 
a= F -umg 
m 
.8-20p, 
a: 
Solving we get, u, = 0.3 


1 


(c) At t = 0.1 s, when motion has not started, 
f=F=2x01=02N 

(d) At8s 

_F-u, mg 

i m 

|.2x 8- 03x 20 


2 
-25m/s 


a 


4 20,5 m/s? Ans. 
10 


2. (a) At0 =0°, driving force F = 0 


A friction = 0 
(b) At0 =90°,N=0 
Maximum friction = uN = Qor friction = 0 
(c) Angle of repose, 
0, = tan ! (u) = 45° 
Since 0 < 6,, block is at rest and 
f mgsinO0 =2 x10 sin 30°=10N 
(d) 0 » 0,. Therefore block will be moving 
f -umg cos 0 
= (1) (2) (10) cos 60? = 10N 


. (a) N - 102 ma- 5x2 


N -—— 5 m/s? 
10N Hs 0.4 
2 kg 
p 0.3 
F 
w 


N =20N 
u,N =8N 
uN =6N 
W =mg=20N 
(b) When F =15N 
w-F=5N 
This is less than u, M 
£s f=5N (upwards) 
(c) F=w-p,N =20-8=12N 
(d) F=wt uN =20+ 8=28N 


(downwards) 


. (a) Net pulling force F = net resisting frictional 


force atC =10N 
(b) f,=0 
(c) N. 2 (mpg + me) g=20N 


(d) T=F=10N (everywhere) 


. Ground is smooth. So all blocks will move towards 


right 2 kg and 5 kg blocks due to friction. 


2 kg 
f 
f 
3 kg F 
h 
fo 
5 kg 


8. umg cos0 =15N 


ZN 2T 
ae | 
A 30 y 


T -10-15-2a Ai) 
30-27 =3 B (ii) 


N| v 


Solving these two equations we get, 
a=-3.63 m/s? 


So, if we take the other figure, 


4 2T 
Ae ' E | 
K 
R 30 N 


This figure is not feasible. Because for 'a'to be down 


N|% 


the plane, 
1ON>7 +15 

which is not possible 

s a-0 

and free body diagrams are as shown below. 
2T=30N 

a=0 
30 N 


Subjective Questions 


1. It is just like a projectile motion with g to be 
replaced by g sin 45°. 
After 2 s, 


= EA 42 
V= Y tV; 


= t sin 45° —-& x 2} + (10 cos 45°) 


42 


=10 m/s Ans. 


2. Suppose T be the tension in the string attached to 
block B. Then tension in the string connected to block 
A would be 47. 
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Similarly, if a be the acceleration of block A 
(downwards), then acceleration of block B towards 


right will be 4a. 
Equations of motion are 
For block A, myg — 4T = mya 
or 50 —4T = 5a sei) 
For block B, T — f =10(4a) 
or T — (0.1)(10)(10) = 40a 
or T — 10 = 40a ...(ii) 
Solving Eqs. (1) and (ii), we get 
a- = m/s? Ans. 
33 


. (a) When the truck accelerates eastward force of 


friction on mass is eastwards. 
required = mass X acceleration = (30 x 1.8) 
=54N 
Since it is less than u , mg 
f=54N (eastwards) 
(b) When the truck accelerates westwards, force of 
friction is westwards. 
required = Mass X acceleration = 30 x 3.8 
=114 N 
Since it is greater than y mg. Hence 
f = fi =u; mg = 60 N (westwards) Ans. 


. Block B will fall vertically downwards and A along 


the plane. 
Writing the equations of motion. 
For block B, 
mgg — N = mpag 
or 60 — N = bag (1) 
(N + myg) sin 30? = m;a; 
or (N + 150) = 30 ay .. (ii) 
Further ag = a4 sin 30° 
or a4 = 2ag .. (ili) 
Solving these three equations, we get 
(a) a, = 636 m/s? Ans. 
(b) dg4 = a4 cos 30° = 5.5 m/s? Ans. 


- Let acceleration of m be a, (absolute) and that of M 


be a; (absolute). 
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Writing equations of motion. 


N a 
mg cos a (— — —-N sin «& 
M ——> ay 
Form mg cosa -N =ma, ...(1) 
For M, N sina = Ma, sai) 


Note In the FBD only those forces which are along a, 
and a, have been shown. 


Constraint equation can be written as, 


a, = a, sin & ... (lil) 
Solving above three equations, we get 
acceleration of rod, 
mg cos Q sin Q 
a, = E Ans. 
] M 
m sin a + — 
sin Q 
and acceleration of wedge 
mg cos Q 
a = E Ans. 
m sin à + — 
sin Q 


6. (a) N, and mg pass through G. N, has clockwise 
moment about G, so the ladder has a tendency to 
slip by rotating clockwise and the force of friction 
(f) at B is then up the plane. 

(b) XM, =0 


fl=mg E sin 45°] ...(1) 


XH, =0 
mg = N cos 45? + f sin 45? 
From Eqs. (i) and (ii), 


...(ii) 


3 
—— m 
2 242 g A 
mg 
and = 
f 242 
y 
Or Ha ——— 
min N, 
zl Ans 
3 


7. Here f, = force of friction between man and plank 


and f,- force of friction between plank and 
surface. 


N 
f 
mg 
N 4 mg N 4 mg 
FBD of man FBD of plank 


10. 


For the plank not to move 
Fe (fr) max = fi SFt+ (fr) max 
or F-u(M+mgsmasFt+u(M + m)g 


or a should lie between P — BUM + m)g 


m m 


F uM + mg 


and Ans. 


m m 
Writing equations of motion 
5T T 


a sl 


Mg mg 
FBD of M FBD of m 


For M 
For m, 


5T — Mg = Ma, .. (i) 
mg —T = ma, .. (ii) 
From constraint equation, 
a = 5a, .. (iit) 
Solving these equations, we get 
acceleration of M, 


a 5m—M 
dur EET) 


andof m, a,-5 ne 


a 5$; n 
or 1=2=— 
dj, s m 


2a,5, = 2a5s; 


sin & m 
or sj = 


ug cos&-gsn& n 
Solving it, we get 


m+n 
u= ) tan Q 
m 
Limiting friction between A and B 
f, =UN = 0.4 x 100 = 40 N 


(a) Both the blocks will have a tendency to move 
together with same acceleration (say a). 


So, the force diagram is as shown. 


a 
——- 


f <——_ 
f 
EN ^ 


Equations of motion are, 


30- f=10xa EU 
f=25xa .. (ii) 
Solving these two equations, we get 
a = 0857 m/s? 


and f =2142N 


As this force is less than /;, both the blocks will 
move together with same acceleration, 


a; = ag = 0.857 m/s? 
(b) 250- f =10a 
f =25a 
Solving Eqs. (iii) and (iv), we get 
f 2178.6N 


...(iii) 
.- (lv) 


As f > f;,slipping will take place between two 


blocks and 
f- f -40N 
250 — 40 
ay = ———— 
10 
= 21.0 m/s? 


dg — — = 1.6 m/s” Ans. 
2 


11. Normal reaction between 4 and B would be 
N = mg cosO. Its horizontal component is N sin 0. 
Therefore, tension in cord CD is equal to this 
horizontal component. 

Hence, T =N sin 0 = (mg cos0) (sin 0) 


- e: sin20 Ans. 
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12. Assuming that mass of truck >> mass of crate. 
Retardation of truck 
a, = (09) g 2 9 m/s? 
Retardation of crate 
a = (0.7) g = 7 m/s? 
or relative acceleration of crate 
a, 2 2m/s?. 


Truck will stop after time 


and crate will strike the wall at 


p= 2s _ [2x32 _ 148, 
Y a, 2 


As t; > t , crate will come to rest after travelling a 
distance 


2 
s-ied-ixiex(2] 
2 9 


2 T 
=2.77m Ans. 
13. uumg = 0.2 x10x10=20N 
For t< 0.2 s 
Retardation — a, = Z EHNE 
m 
_20+20_ doni 
10 
At the end of 0.2 s, 
v=u-at 
v=12-4x02=04 m/s 
Fort > 0.2 s 
Retardation a, = eas =3 m/s” 


Block will come to rest after time 


0.4 
fy) = = — = 013s 
a 3 
Total time = 0.2 + 0.13 = 0.33 s Ans. 


14. Block will start moving at, F =u mg 


or 25t = (0.5) (10) (9.8) = 49 N 

& t=1.96s 

Velocity is maximum at the end of 4 second. 
Bou P eT 
dt 10 


|^ dv= je Q.5 t — 4.9) dt 


Vmax = 5.2 m/s Ans. 
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For 4 s<t<7s 


49 — 40 
Net retardation a, = T = 0.9 m/s? 
V = Vmax — 4 4 = 5.2 — 0.9 x 3 = 2.5 m/s 
Fort>7s 
Retardation a, = 2 = 4.9 m/s? 
jo oS aos 
a 49 


Total time = (4 — 1.96) + (7 — 4) + (0.51) 
=5.55s Ans. 


15. Let B and C both move upwards (alongwith their 
pulleys) with speeds vz and vç then we can see that, 
A will move downward with speed, 2v, + 2v. So, 
with sign we can write, 


VA 
Vp = 2 BR. 
Substituting the values we have, vg = 0 Ans. 


16. FBD of A with respect to frame is shown in figure. 
A is in equilibrium under three concurrent forces 
shown in figure, so applying Lami's theorem 


Pseudoforce 
- ma 
ma _ mg 
sin (90+ 60) sin (90 + 30) 
o 
a= gcos o0” = 5.66 m/s? 
cos 30° 


17. FBD of M, and M, in accelerated frame of reference 
is shown in figure. 


Note Only the necessary forces have been shown. 
Mass M, will neither rise nor fall if net pulling 
force is zero. 


ie. M,a=M3g 


F=(M,+M,+M;3)a 
M 
=(M,+M,+M,)—¢ Ans. 
M, 


18. Retardation a =u, g = 0.15 x 9.8 = 1.47 m/s? 


Distance travelled before sliding stops is, 


y 
s=— 
2a 
2 
E 0. gea Ans. 
2x1.47 
19. V2 N = mg cos 
V2 N 
ny a cos 8 x N 
42 
E: sin 9 - 2u,N 
m 
=g sin 0 — V2 u,g cos 0 
= g (sin 9 — V2u, cos 0) Ans. 
20. v. dv _ Net force F-up(L-x)g 
` dx mass pL 
v L — = 
['vav={ F-Wwp(L-8 jy 
0 pL 
v? = Ul, gh + His 
2 í 2 


p 
v= TNI; Ans. 
p 


21. (a) v=a,t, 2 2.6 m/s 


1 5 ]. 2 
sı =— qti =— X2x (1.3) =169m 
jeu ddp ms (1.3) 
Sy = (2.2 — 1.69) = 0.51 m 
ud 
Now, $9 = —— 
2a 
2 2 
POLEN 
2s, 2x051 
y 
and b=—=04s 
a 


(b) Acceleration of package will be 2m/s? while 
retardation will be ug or 2.5 m/s? not 
6.63 m/s”. 


For the package, 


1.69 m 


1 
v=qt =2.6m/s> s, di 
2 


1 
Sy = Wty -14 È =2.6x 0.4 -73*%25x (0.47 


= 0.84 m 
-. Displacement of package w.r.t. belt 
= (0.84- 051) m= 033m Ans. 


Alternate Solution For last 0.4 s 
\a,|= 6.63 — 2.5 = 413 m/s” 


EN 2 
s. = —|a.|t- x 413 x (0.4 
7 sled => x 413 x (04) 


= 033m 


22. Free body diagram of crate A w.r.t ground is shown 
in figure. 


mag = 100 N 
Ag 30° 


Equation of motion is 
100 - N = 10a, ...(1) 


I 
a; =a sin 30? = ex) or a, -1m/s? 


Substituting in Eq. (1), we get 


N =90N. 
23. (a) Force of friction at different contacts are shown 
in figure. 
Ej 
— 
f 
10m ' 
h 
Here, fi = omg 
and fp =H, (Ll mg) 
Given that u, »1lu, 
Js A? 
Retardation of upper block 
a = á- Hog 
m 


Acceleration of lower block 


_fi-~h_ U.-Up)g 
m 10 


a 
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Relative retardation of upper block 


11 
a, =a, +a, OF d, = To U2 - Hig 
Now, 0=v2,, — 24,1 
2(u, — i 
Vu = 424,1 = Jc -HDS ang 
10 

(b) 0 = Vain — 4t 
or t=2m = 20r Ans. 


a, 11, -ui)g 


24. v, = Ra + v 
Retardation a = ug 


r 


-. Time when slipping will stop is t = eh 


a 
2 2 
ET 
Hug 


2 2 
_Y a Md + Vy 


2a 2 ug 


v? + w V5 
x, =— s, cos8 = 
2ug WD EYE 
2 
yy di tv 


Vo = Vo 


In time ¢, belt will move a distance s = vf 


2 2 
Voy Vi + V2 


or ——— ————— in x-direction. 
ug 


Hence, coordinate of particle, 


2 2 
Voy Vy + v 


X=xX,+t5= 
2ug 
2 2 
+ 
and yy Yıy”ı Y2 Ans. 
2ug 
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25. FBD of m, (showing only a 
the horizontal forces) N e 4 
Equation of motion for m, 
is 
T-N=ma, sss ll) 
T 
T 
N m ay | a3 
mg a2 
msg 
FBD of m, ? 
Equations of motion for m, are 
N = ma; .. (ii) 
and mg -T = ma .. (iii) 
Equation of motion for m, are 
mg -T = ma ..-(iv) 
Further from constraint equation we can find the 
relation, 
a =a + (v) 
We have five unknowns a, a, a}, T and N solving, 
we get 
2 
a, = du uid Ans. 
(m, + m4) (m, + m) + mm, 
26. Writing equations of motion, 
T-N -3ma, .. (i) 
N =2ma, ... (il) 


2mg -T =2ma, Gii) 


T -7E = ma, 
2 


... (iv) 


From constraint equation, 

d, — d, — a, (v) 
We have five unknowns. Solving the above five 
equations, we get 


T 
N T «5 
N T a LXS 
—e —- mg sin 30° 
— a . mg 
ay 2mg 2 2 
FBD of 3m FBD of 2m FBD of m 
mnes. eo adu. 
P quu MEC SEIS gS 
, 13 
Acceleration of m = a, = — g, 
34 
: 43 
Acceleration of 2m — Ja + ay = d g 
: 3 
and acceleration of 3m = a, = ds g Ans. 
27. 42 "E 
my+M+m 
For the equilibrium of B, 
mg -uN -u(ma) = a 
m,+M+m 
M+ 
tig ( m)n 
u — Dm 
M+ 
my = Hun Ans. 
u-1 


Note m4,»50 ~» u»1 


Work, Energy and Power 


INTRODUCTORY EXERCISE 
. W=F-S=F-(r,-1) 
= (6i —2j+ k)- [Qi + 3j - 4k) 
- (i+ 4j + 6k)] 


=-2J 
. (a) Wr = FS cos 45° 
1 
= (16) (2.2) | —= |= 24.9 J Ans. 
(16) (2.2) | x) 
(b) Wy, 2 NS cos 90° 20 Ans. 
(c) Wig = (mg) (S) cos 90° = 0 Ans. 


(d) Only three forces are acting. So, total work done 
is summation of all above work done. 

. Wr = (T) (x) cos 0? = Tx 

Wy =(W) (x) cos 90° = 0 

Wy = (N ) (x) cos 90° = 0 

Wp = (F) (x) cos 180? = — Fx 


mg -T = ma = "e T 
4 
=> T =2m8 IE 
4 
Wr = (T) (I) (cos 180?) 
edP ung g 
d $ 
N-mg-F duds uide. 
' 4 


Moving with constant speed means net force = 0 


1 F 
F cos 45? = = 18 
"i 4 


AF ag PF 
xd 42 
EA y 


Fs 
(a) Wp = FS cos 45° 


= (22) 2) (=) -72] 


(b) W, = (UN) (S) cos 180° 


Jepo 


2-72] 
(c) Wig = (mg) (S) cos 90° = 0 


6. 


-4 -4 
W = | Fax = | 2x) dx 
2 2 


=[-x?],;*=-[16-4]=-12] Ans. 
2 24 

W =| Fdx=|— dx 
4 4* 


2 
= JH = JE -|- 1J Ans. 
X ]4 2 4 


W = area under F -x graph 
From X =-4to X --2 
F=-ve (from graph) 
S =+ ve 
W, --x2x10--101 


From -2 to 4 
F=+ ve 


S =+ ve 


W, =+ (6+ 2) (10) 


=+40J 
Wr =W,+W,=30J Ans. 
(a) From x =10mtox=5m 
S =- ve 
F =+ ve 
W, =- Area 
=-5x3 
=-15J Ans. 


(b) From x 2 5m to x=10m 


(from graph) 


S =+ ve 
and F =+ ve 
W, =+ Area=5x3 
=15J Ans. 
(c) From x 210m to x=15m 
S =+ ve 
F =+ ve 
W; = Area 
=3J Ans. 


(d) Fromx 20 to x=15m 


S =+ veand F =+ ve 
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W,=+ Area 
=5%3x (2+ 6)=275 Ans. 
10. (a) Fromx=0 to x=3.0m 
=+ ve 
F =+ ve 
W, =+ Area 
=+4J 


(b) Fromx=3m to x=4m 
F=0 > W,=0 
(c) Fromx 24m to x=7m 
S =+ veand F = — ve 
Be W, =+ Area =-1J 
(d) From x= 0 to x 27m 
W=W,+W,+W,=3) 


INTRODUCTORY EXERCISE 
1. From work energy theorem, 
Wret = We a W oir = i m o7 S v? 


> 04+W,, = : x 0.1[(6)? - 10? ]2 232 J 


2. Way S AKE-K,-K; 


1 2 X 1 2 
=—m(v--v7) =—xX2x (0-20 


- — 400 J 


-imoi-4)-ixmleJby - 0] 


5. Wp =FS cos 0°=80x 4x1 =320J 
Wing = (mg) (S) cos 180° 
= (50) (4) (-1) 
=-200J 
Ky =Way = 1205 


6. K,-K,=Wp =| Fax 


1 É a 
0—-— mv, - | —Axdx 
2 0 


l 5 Ax? m 
mv) = or Xx=VW | 
2 2 A 


. W, 


7. (a) T= F, (b) Wan forces — 40 J 


ds 
v=—=(4t-2 
di ( ) 
Wa =AK =K,—K,=K,,— Ko, 
1 
-3"64-w) 
=5x214 x 2-2" - (4x0-2y] 
-32J Ans. 
gar Ep ATA (as K; = 0) 
Wing + Wisi = K, 
or W axis = K; g Wg = 3 mv; = mgh 


= 5 30x (0.4)? - 30x10x2 


=— 597.6 J Ans. 


INTRODUCTORY EXERCISE 


. AU =-W 


So, if work done by conservative force is positive 
then AU is negative or potential energy will 
decrease. But there is no straight forward rule 
regarding the kinetic energy. 


U,--—60J 
Uş =-20J 
Ug -U,-40J 
INTRODUCTORY EXERCISE 
ee 
U =—-4x+6 
Bac ocd 
dx 
F=0 at x=t2m 


Iim x-2-2 0 x22 <—F 
F F=0 F=0 
For x»2m,F -- ve ie. displacement is in 


positive direction and force is negative. Therefore 
x — 21s stable equilibrium position. 

For x«—2m,F -— ve 

ie. force and displacement are in negative 
directions. Therefore, x—-2m is unstable 
equilibrium position. 
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will 


2. At A,x=Oand F =0 ——F 
For x > 0, F =+ ve. i.e. force is in the direction of fa 
displacement. Hence A is unstable equilibrium 
position. E m E a p 
Same concept can be applied with E also. — 7 
At point C, F = 0. S 
For x > xç, F = — ve Therefore, equilibrium is unstable. 
Displacement is positive and force is negative 
(in opposite direction of displacement). Therefore, INTRODUCTORY EXERCISE 
C point is stable equilibrium point. 

3. (a) Atx 20, F =0. At P, attraction on —q or I mv? 1 m (at? 

. ug. na 
F, > attraction F, - (a) Py i P P 
p Fret 1 2 1 2 
nca Fo ——e———- NER = 5 ma r= Ike (2) 
e—a 
+q x=0 -q +q =16W 
—— 
S (b) P, = Fv = (ma) (at) 

Net force is in the direction of displacement. = ma’t = (1) (4) (4) 

So, equilibrium is unstable. =64W 
(b) Fe is in opposite direction of S. Therefore 1 

aa s ; - NRI 2 
equilibrium is stable. .(0WzPtz A mv 
-q 
2Pt 
(ii) v = | — 
F F m 
Y Fnet (iii) Integrating the velocity, we 
x--a S | X-4à displacement 
o o 
+q x=0 +q s- EE 
4. U = minimum = - 20 J m \ 3/2 9m 
at x=2m . (a) KE=W | Par [2cat d 
x 22 mis stable equilibrium position Ans. m 
c =t 
5. F=(x-4) g 
F=0 at x=4m " 2 " 
When x>4m,F =+ ve m 
When displaced from x =4m (towards positive w £g 
direction) force also acts in the same direction. (b) Ry = d = Se 
Exercises 
LEVEL 1 F 
v=at=— 
Assertion and Reason a 

1. F =constant pese 

a= E — constant P + constant 


m 


But Pet 


Ans. 


Ans. 


get 


Ans. 


Ans. 


Ans. 


576 © Mechanics - I 


3. In the figure, work done by conservative force 
(gravity force) is positive, potential energy is 
decreasing. But kinetic energy may increase, 
decrease or remain constant, depending on the value 
of F. 


4E > External force 


mg 


4. In non-uniform circular motion (when speed + 
constant) work done by all the forces is not zero. 


5. Slope of S-t graph is increasing. 
Therefore, speed of the particle is increasing. 
9. Wan = AK =K;-K; 


1 2/2 
=| m (vy — vj) 


vy = v, = Slope of S -t graph at h 
v; = v, = Slope of S -t graph at f, 
These two slopes are not necessarily equal. 


10. 


S; 91 


05 is obtuse 


0, is acute 
11. Wr on a= 7 fs 
Wi Jng =+ fiS 
Net work done by f, =0 
EN 
um me 


12. Decrease in mechanical energy in first case 


=E,- E, =} my? 0 
7? 


2 
-— mv 
2 


Decrease in mechanical energy in second case 


1 
2E -E;= 5 my? — mgh 


Further, u does not depend on angle of inclination. 


Single Correct Option 


3. 


10. 


QV ,), =+ ve 


f 


Eme: 


S 


Wp =- 
fac T a E 


Ifthere is no slip 


between A and B then f is static and total work done 


by static friction on system is zero.. 
W=F-S =F (ry, -r;) 


y =| Fara ja - 2x 3x?) dx 


0 0 
=135J 
P=F-v 
1 
mgh + — mv 
pelos 2 
t t 
(800 x 10 x 10) + i x 800 x (20) 
60 
= 4000 W 
E, = 80% of E, = mgk = (0.8) mgh 
or kK =0.8h=8m 


K;+U;=K;+U; 
0+ 6= Fx 1x42 


v 2 242 m/s 
Maximum range is obtained at 45?. 


Ez- x mu? 
2 


u 
At highest point, v = u cos 45° = — 
g p 2 


2 
B= m= 3 m/ J 
2 2 4X2 


N 


Ans. 


Ans. 


...(i) 


Ans. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Chapter 9 Work, Energy and Power * 577 


(a) Velocity is decreasing. Therefore, acceleration 
(or net force) is opposite to the direction of motion. 


(b) and (c): some other forces (other than friction) 
may also act which retard the motion. 


Let retarding force is F 


Then, Fx= : my? (i) 
and F (x)= : m (2v. (ii) 


Solving these two equations, we get 


x 24x Ans. 
K; cU; -K, +U; 
l 2 l 2 
— mv, + 02 — mv* + mgh 
1 2 ad 
v= vo - 2gh Ans. 
F 
a=— 
m 
vza -£ © 
m 
2 
pafos Ans. 
m 
F 
a=— 
m 
F 
v=at=—t 
m 
p 
r=rv| 2]; 
m 
or Pet 


Le. P-t graph is a straight line passing through 
origin. 


l 3 1l 2 
K -—mv =— m (gt 

5 5 (gt^) 
ie K œt 


ie. during downward motion. K-t graph is a 
parabola passing through origin with K increasing 
with time. Then in upward journey K will decrease 
with time. 


Upthrust = (Volume immersed) (density of liquid) g 
5 
= | —— | (1000) (10 
(sai) (1000) 10 


=— N 
3 


weight = 50 N 
Applied force (upwards) = weight — upthrust 


NUS 
3 3 
W =FS = ES 3 
3 
=100J Ans. 
19. S=0 (in vertical direction) 
> W =FS=0 
P=% = 
20. kœ £1 
l 


l of shorter part is less, therefore value of k is more 
y lag 
2 


W shorter part will be more. 


21. Let0, is the angle of F with positive x-axis. 


F..15. 3 
tan 0 = Z= = =m sa 
1 F, 20 4 1 ( y) 
; : a 
Slope of given line, m = E 
Wzo if FLS 
or m,m,--1 
3) (-5)-- 
4 3 
a=4 Ans. 


22. Decrease in gravitational potential energy of block 
= increase in spring potential energy 


1 
mg (Xm sin 0) = 5 Ex. 


y o UEM Ans: 
K 
23. v- -api 
dt 
P=F-y=127 
2 2 
W = | Pat =| (12) Pat 
0 0 
=24J Ans. 


24. Decrease in potential energy = Work done against 


friction 
: mg (h+ d)- F.d 
Here F = average resistance 


h 
=> F-mg|lt-— 
2 i] 
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25. F-ix = x2 
1,2 
Now, U=—kx 
2 
5 
-3#(2) 
2 k 
Or iet 
k 


kg is double. Therefore, U 5 will be half. 
26. E my? at kX2 
2 2 


x= ft 
k 


=0.15m Ans. 
27. F =resistance is same 
i mv =n (F-d) 


= næv? 


If v is doubled, n will become four times. 
28. E = E; 


0 =; x 10 x (0.15? — 0.1x 10 x 0.15 
1 2 
+—x0.1xv 
2 
y = 0.866 m/s Ans. 
29. From F - kx 
a 
» 
F _ 100 
x- L0 
= 100 N/m 
Decrease in gravitational potential energy 


= increase in spring potential energy 


— 10x10x(d + 2) sin 30° --x100x 2) 


Solving, we get d 22m 


Total distance covered before 


momentarily to rest 
=d+2=4m Ans. 


coming 


30. Speed (and hence the kinetic energy) will increase 
as long as mg sin® > kx. 


31. (a) Wy = NS cos 90° = 0 
(b) Wz =TS cos 0° = (mg sin 0) Gs] 
sin 0 
= mgh 
(c) Wing = (mg) (A) cos 180° = —mgh 


(d) Wro = AK = Kj - K; =0 
As block is moved slowly or K; = K; 
32. Displacement of floor = 0 


33. W = area under F -x graph 


From X =1to X = 3, force and displacement both 
are positive. Therefore work done is positive. 
W, =+ Area — * 207 
From X 23 to X =4, force is negative but 
displacement is positive. Therefore work done is 
again positive. 
$5 W,=—Area=—5J 
From X = 4 to X =5, force and displacement both 
are positive. Therefore work done is again positive. 
W, = + Area = + 5J 
Wrota = Wi + W, + W3 =20] 


34. os -=P 
dt 
W "———— m 
2 
1 4 
= AXO) =16J Ans. 
35. At highest point, 
1 
= mu? -K 
z 
2K 
uy, = ,|— 
g m 
R=4H 
2uu, Au, 
g 2g 
2K 
Uy, = Uy = | — 
: m 
1 1 2 
Now, K; =- mu =- m (u + u$) 
2 2 ` 2 
1 E :3 
=—m|—+— 
2 m m 
=2K Ans. 
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4 
36. AK =W = | Pdt = | GÊ -2t + 1) dt 
2 
=46J Ans. 


37. K;-K;=W =| Fdx 
30 


K; =K; + | (-0.1x) dx 
20 


1 2 30 
=- x10x (10? =| 04a 
2 2]. 


=475J Ans. 
38. KE = decrease in potential energy = mgh 
or KE œm 
or Ey 2 
(KE), 6 1 


39. W =U, -U; =5K (X2 - X?) 
- : x 5 x 10? [(0.1?? — (0.05? ] 


=18.75 J Ans. 


Subjective Questions 


2 
1. k » £. 
2m 
;2 2 
gp 248. a USP) 
2m 2m 
2 
-(225)2--225K 
2m 
% increase = EA x 100 
=125% Ans. 


1 
2. p-J2Km or P«K? 


For small 96 changes, 


% change in p = : (% change in K ) 


=; (196) 2 0.5 96 Ans. 


3. Total work done = - K 2x =-2 Kx? 


Work done on one mass 
2 
Eu 5 


Kx 
2 0 


4. For increase in gravitational potential energy of a 
rod we see the centre of the rod. 


W = change in potential energy 
l 
= mg — (1— cos 0) 
2 
Substituting the values, we have 
1.0 
W = (0.5) (9.8) ($) (1— cos 60?) 
= 1.225 J Ans. 
5. Wr = (T) (I) cos B 


Wy = (N ) (I) cos 90° = 0 
Wy = (W ) (D) cos (90 + a)=-W l sina 
W, = (F) (I) cos 180° =- F1 


6. Decrease in potential energy of chain 
= increase in kinetic energy 


ór - 


7. T — mg = ma 
T =m (g + a) = 72 (9.8 + 0.98) l 
= 776.16 N 
(a) Wr =TS cos 0° 
= (776.16) (15) 
=11642 J Ans. 
= (mg) (S) cos 180° 


= (72x 9.8 x 15) (-1) 
= —10584 J Ans. 


(b) Wing 


10. v, =v, 


580 e Mechanics - I 


(c) K = Wro = 11642 — 10584 


=1058 J Ans. 
(d K == m? 
„- [2K _ [2x1058 
m 72 

= 5.42 m/s Ans. 

2 

8. (a) K=W = | Fax = | (2.5 - x°) dx 

0 

= 2,33 J Ans. 


(b) Maximum kinetic energy of the block is at a 
point where force changes its direction. 
or F=0 


at X =V2.5 


=1.58m 
1.58 


Kg = [ (2.5—X7) dx 
0 


= 2.635 J Ans. 


9. Wy, = fS cos 45° 


Here, f/=mgsin®, because uniform velocity 
means net acceleration = 0 or net force = 0 


W; = (mg sin 9) (S) (cos 45?) 
= (1) (10) (sin 45°) (S) (cos 45°) 
If $2vt22x122m 


swe(s)e( 


=10J Ans. 


m =Y (say) 
dy, = Any = 4m 


Using the equation, 
E, — E; =Work done against friction 


0 E 5) (2) sx10x4| 


=0.2x10x10x4 
Solving we get, 
v=4m/s 


11. 


12. 


13. 


FBD of particle w.r.t. sphere 


Pseudo force 
=ma 


1 
K;= 2 mv; -Wag 


] 2 
or 2 mv, =Wy + WE + Wag 
=0+ Fx+mgh 
= (ma) (Rsin®) + mg [R (1— cos 8)] 
y, = J2gR (1+ sin 0 — cos 0) Ans. 


From constraint relations, we can see that 
Y4 72 vp 

Therefore, v, = 2(0.3) = 0.6 m/s 

as vg — 0.3 m/s (given) 

Applying W, = AU + AK 


we get 


1 1 
—u mygS 4 = — mggS s + 5 mvi ! 5 mgv2 


Here, $,-285 =2m as $5 = Im (given) 
` —H(4.0) 00) (2) = - (1) (0) (D + i (4) (0.6)* 
1 2 
+5003) 


or —80u =—10+ 0.72 + 0.045 


or 80u=9.235 or w=0.115 Ans. 
Let Xmax = maximum extension of spring 
Decrease in potential energy of A IO max 
= Increase in elastic potential energy of 
spring 
1 
M4§X max = 2 AX ax 
_ 248 
max k Bg 
To just lift the block B, 
kx max — "gg 
2m,g = mpg = mg 
My = = Ans. 


2 


14. (a) K,+U,=K, +Up 
0+ 5 X 500 x (0.5 — 0.1) 


510 x vH + 5 x 500 (0.3 = 0.17 


On solving, we get 


y = 2.45 m/s Ans. 
(b) CO - J(BOY + (BC? 
= (30) + (20) 
= 36cm 
= 0.36 m 
Again applying the equation, 
K,TU,-Kge tU, 
04 ; x 500 x (0.5 — 0.1) 
1 gl 5 
=- x10 x v? + 2x 500 (0.36 — 0.1) 
2 2 
On solving, we get 
v=2.15 m/s Ans. 


15. Let X,, is maximum extension of spring. Then 


decrease in potential energy of M = increase in 
elastic potential energy of spring 


or 
Now, kX m= mg sin 37? + umg cos 37° 
3 3 4 
or 2 Mg =(m + m, 
i of) (4) n B 
3 
M=—m Ans. 
5 
16. (a) W mg = (mg) (S) cos 30° 
= (20) (2) (3/2) 
= 34.6 J Ans. 
30° 
S mg 
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(b) W, = f S cos 180° f 
= (ung cos 6) (S) 1) 180° 
=- ü (20) (cos 60°) (2) 
--107 Ans. 
dn pedes an 
dr r 


18. (a) Atx 26m, 


19. 


20. 


21. 


U =(6-4)y -16--12] 


K-8] 
E=U+K=-4]J Ans. 
(b) U min =—16J at x=4m 
Ka =E —U min 
--4416 
EAT Ans. 
(c) K 20 
. U =E 
or (x-4y-16--4 
or x= (4+ 2V3)m Ans. 
(d) F, E LN (8 — 2x) Ans. 
(e) F,20 at x=4m Ans. 


Decrease in potential energy of 1 kg — increase in 
kinetic energy of both 


=> Ix10x1=> «(4+ Dx? 


v —2 m/s Ans. 


If A descends X then B will ascend 2x. Further if 
speed of A at this instant is 2.5 m/s, then speed of B 
at this instant will be 5 m/s. Now, 


Decrease in potential energy of A = increase in 
potential energy of B + increase in kinetic energy of 
both 


(300) x = (50) (2x) + i E 2) (2.5% 


9.8 
1 (50) (5 op 
dE 6) 


+ 


Solving we get, 


x = 0.796 m Ans. 


If speed of sphere is v downwards then speed of 
wedge at this instant will be v cot a in horizontal 
direction. 
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Now, 


Decrease in potential energy of sphere = Increase in 
kinetic energy of both 


1 1 
mgR = 5 mv? + 7 m (v cota) 


1 
= 5 mv? cose? q 


v — J2gR sin & =speed of sphere 
and speed of wedge = v cot & 


— J2gR cos a Ans. 


22. If block drops 12 mm, then spring will further 
stretch by 24 mm. Now, 


E =E; 
; i x 1050 x (0.075? = — 45 x 10 x 0.012 


$ i x 45x v? + i x 1050 x (0.099)? 


Solving we get, v = 0.37 m/s Ans. 


23. If speed of block of 1.0 kg is 0.3 m/s then speed of 
4.0kg block at this instant would be 0.6 m/s. 
Applying, 

E; — E, = work done against friction 


0 RE x 1.0 x (0.3? + i x 4.0 x (0.6) 


-1x10 x I|=u; x 4 x10x (2) 
Solving this equation we get, 
u, = 0.12 Ans. 


24. Retardation on horizontal surface, 
a, -ug = 0.15 x 10 = 1.5 m/s? 
Velocity just entering before horizontal surface, 
y= par 
= J2x15x05 
— 41.5 m/s 


a» 


y 


S2 h 


Z\ 


Acceleration on inclined plane, 
a = gsin ® — ug cos 0 


43 


-ioxlcissdgs T 
2 2 


= 3.7 m/s 


y — 42a, S -415 


015 $5 


Sy = =0.2m 


2a, (2x33. 
h= S, sin 30°=0.1 m 
Now work done by friction 


= —[ initial mechanical energy] 
=- mgh = — (0.05) (10) (0.1) 
=-0.05J Ans. 


25. If A moves 1 m down the plane and its speed is v, 
then B will move 2m upwards and its speed will be 
2v. 


LZ 


Using the equation, 
E, — E, =Work done against friction 


0-[ 1302 eS Qu 
2 2 
3 
uL mu 


= 0.2 30x10 2x1 


Solving this equation we get, 
v=1.12m/s Ans. 


Note h=dsin0@=(1) (2) m=2m 


m, = “4 =30 kg and mg = =5kg 
g g 


26. (a) Thermal energy = Work done against friction 


=x mgd 
= (0.25) (3.5) (9.8) (7.8) J 
= 66.88 J Ans. 
(b) Maximum kinetic energy 
= work done against friction 
= 66.88 J Ans. 


1 ; ve 
(c) 5 kx = maximum kinetic energy 


m 


: x 640 x x2 = 66.88 


Xm = 0.457 m = 45.7 cm Ans. 
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LEVEL 2 
Single Correct Option 
1 
1. Way ES my? 
L-a 
Wr + Wg t Wy = 5 mv 
1 1 1.5 
(5x 5)+}/—xl0x5)/+0=—x=xv 
2 2 2 
v — 14.14 m/s Ans. 


2. P = Fv = constant 


; "mv 
Solving we get, s = cr Ans. 
3. F- x 
pak 100 
x 1 
= 100 N/m 
B= Ep 


. i x10xv? = i x 100 x (2? — (10) (10) (2 sin 30°) 


Solving we get, 


v 2 420 m/s Ans. 
4. dm=|— do =(22) a 
T/2 T 
h= R (1 — cos 0) 


dU, = (dm) gh = (1 — cos 0) d0 


2mgR 
T 


n/2 
is [ av, = 2785 (5 1] 
i T 2 


=mgR (i-2] 


Now, U,;+ K; =U, + K; 


mgR ( = z) =0+ i mv? 
T 


or v= |2gR ( = 2) Ans. 
T 


5. T =2mg 


As soon as string is cut T (on 4) suddenly becomes 

zero. Therefore a force of 2mg acting on upward 

direction on A suddenly becomes zero. 

So net force on it will become 2mg downwards. 

NL a9, 
m 


a (downwards) 
Spring force does not become instantly zero. So 
acceleration of B will not change abruptly. 
or à, -—0 

6. Let X,, is maximum elongation of spring. Then, 


increase in potential energy of spring = decrease in 
potential energy of C. 


1 
; Xn - MX, 


Or KX,, =maximum spring force 
=2M\g = Mg 
T E73 Ans. 
7. T, 2 mg (i) 
2kx = 2mg 
kx = mg 


One Kx force (acting in upward direction) is 
suddenly removed. So, net downward force on 
system will be Kx or mg. Therefore, net downward 
acceleration of system, 


goles 
2m 2 
Free body diagram of lower block gives the equation, 
mg 
mg — T, = ma = — 
$—1y 2 
mg te 
T,2— „(ii 
Ta (ii) 
From these two equations, we get 
AT = Ans. 


8. F, 


net 


= mg sin 0 — umg cos 0 
= mg sin 0 — 0.3 xmg cos 0 (i) 
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10. 


11. 


12. 


13. 


At maximum speed Fe = 0. Because after this net 
force will become negative and speed will decrease. 
From Eq. (i), Fae = Oat 


sle gaa Ans. 
0.3 0.3 
. At C, potential energy is minimum. So, it is stable 
equilibrium position. 
Further, 
dU 


Fe= = —(Slope of U -r graph) 


1 
Negative force means attraction and positive force 
means repulsion. 


P=F.-v 
= (-mg j)-[ui + (u, - gt) j] 
= (-mgu,) + mg^t 


Le. P versus t graph is a straight line with negative 
intercept and positive slope. 


E; — E, = Work done against friction 


1 1 x s x. 
we kee? K =umg|x+— 
B" 8 B lis j 


pa Wag Ans. 
k 
P =F. v= Fv cos 8 = TV cos 0 Ans. 
[ERI Ergo 
ox oy 
= (-3i - 4j) 
Y 


Since, particle was initially at rest. So, it will move 
in the direction of force. 


14. 


15. 


16. 


17. 


18. 


We can see that initial velocity is in the direction of 

PO. So the particle will cross the X-axis at origin. 
K,+U,;=K,+U, 

104 (3xX64+4x8)=K,+ (3x0+4x0) 


or Ky =50J Ans. 


F = Qat x =x. When displaced from x, in negative 
direction, force is positive i.e. in the opposite 
direction of displacement. Similarly, when 
displaced in positive direction, force is negative. 


F, 


» = mg sin 0 — umg cos 0 
= mg sin 0 -uoxg cos 


T di 


m 


a= 


=g sin 0 — uoxg cos 8 


i cs sin 0 — uo xg cos 0 
dx 


0 *m 


or [wv - fe sin 8 — uxg cos 0) dx 
0 0 


Solving this equation we get, 


2 
x, — — tan 0 


m Ans. 
Ho 
Y. (Moments about C) = 0 
(k,x) AC = (kx) BC 
AC k : 
kis © 
BC k 
AC + BC «I w(i) 
Solving these two equation we get, 
ags| =]; Ans. 
ki +k, 
Work done by friction = E, — E; 
= 51x 2 -1x10x1 
=-8J Ans. 
dU 12a 6b 


dx xB x 


206 
At equilibrium, =0 or x= (=) 
2 
At this value of x, we can see that pi is positive. 
x 


So, potential energy is minimum or equilibrium is 
stable. 


19. 


20. 


21. 


22. 


23. 


24. 


Y. (Moment about O) = 0 


l mg 
kx) l 2 m, orx = 
(kx) «() 2k 
2 
U= 1 kx? = (mg) Ans. 
2 8k 
BE. 
0 = mgh — mgh + ; (m, + m) y»? 
v= zen [m h) Ans. 
m, nm», 
pe 
dx 
or dU - — Fdx = (ax — bx?) dx 


Assuming U = Oat x = 0, and integrating the above 
equation we get, 


y- _ be? 
2 3 

3a 

U =0 at x=0 and x 2 — 

2b 
3 2 

For ge and U will become 

2b 3 2 


negative. So, option (c) is the most appropriate 
answer. 


W =FS 
F and S are same. Therefore, 
Wa _1 
W, 1 
From work energy theorem, 
K, W, 1 
Kj; Wy | 
or | gh Sind 
2 2 
v4. [mg 2 
vs Vm, 1 


Work done by conservative force 
=-AU 
=U; -U; 
=[k (1+ D]- [k (2 + 3)] 


=—3k Ans. 


After falling on plank downward force on block is 
mg and upward force is kx. Kinetic energy will 
increase when mg > kx and it will decrease when 
kx > mg. Therefore it is maximum when, 
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MEL 
k 


kx-mg or, 


and this does not depend on A. 


25. dm= (2) dO 
T 


26. 


27. 


h= Rsinð 


dU = (dm) gh = E a) gr sin 0 
T 


T 2mgr 
U, = | au - 
d T 


2 
v=,|2gr (2 + z) Ans 
tT 2 
Maximum speed is at equilibrium where 
F=k > x= E 
1. x1; 
Now, F-x=—mv+—kx 
2 2 
2 
or Fei 
k 2 2 \k 
Solving we get, 
v= P V Ans. 


4 mk TA 


Increase in potential energy per unit time = decrease 
in kinetic energy of both 


= 5 (1 motti my?) 
ais bl 5 ee 


dv, dv, 
=v; | -m di + y» | =m, E 


= v; (mı aj) + v, (~m a) 


dU : 
or dr =v, CF) + v, CA) (i) 


Here, | —F, = — F, = kx = 200 x 0.1 = 20N 


Substituting in Eq. (1) we have, 
dU 


Pus (6) Q0) 


= 200 J/s Ans. 
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28. There is slip, so maximum friction will act on A in 
the direction of motion (or towards right) 


f =pmg = 0.2.x 45x 10=90N 
S =40-10-10=20cm=0.2m 
W = fS -18J Ans. 
29. Constant velocity means net force = 0 


Using Lami's theorem in the figure, 


S=vt= 20m 


N _ 100 
sin (180° — 53°) sin 90° 
E" N =100 sin 532 = 80 N 
Now, Wy = NS cos 53? 


= (80) (20) (0.6) 
= 960 J Ans. 
30. In both cases sudden changes in force by cutting the 
spring would be Kx. 
a- zd = = (in both case) 
m m 


In one case it is downwards and in other case it is 
upwards. 


More than One Correct Options 


1. F- EZ ; E 7i -24j)N 


i 
aX oy 

F (i i 

a=— =| --i-—j] m/s 
m 5 5 
2 2 
la| = (2) +(2) =5 m/s? Ans. 
5 5 


Since, a = constant, we can apply, 
v=u+ at 


= (8.61 + 23.2j) + (-zi a 2j (4) 


= (3i + 4j) m/s 


Iv 2 J Gy + (4 2 5 m/s Ans. 


2. F=- Lg sp 
dx 
At origin, x = 0 
F=5N 
5 2 
a=— =— = 50 m/s 
m O01 


Mean position is at F = 0 
orat, x = E = 0.025 m 
200 


fac Ns 2 (50 — 2000x) NO 
m 0.1 


At 0.05 m from the origin, 
x=+0.05 m 
or x =-—0.05m 
Substituting in Eq. (1), we have, 
la| 2 150 m/s? 
Or = 50 m/s? 


At 0.05 m from the mean position means, 


x = 0.075 
or x =—0.025 m 
Substituting in Eq. (1) we have, 
|a|=100 m/s? Ans. 


3. Spring force is always towards mean position. If 
displacement is also towards mean position, F and S 
will be of same sign and work done will be positive. 


4. Work done by conservative force = — AU 
Work done by all the forces = AK 
Work done by forces other than conservative forces 
=AE 

5. At equilibrium 


m| }------- Equilibrium position 
3m 
kóy = mg 
or õp = ME 
k 


where, 5) = compression 


Chapter 9 Work, Energy and Power * 587 


(b) &,,, = 9 + 8p = 3mg Solving these two equations, we get 
k a=0 and T=2mg 
Prax = 8 max = (=s) =3mg (downward) —»a d 
| 
m T m | 
Newsy kx =2 mg 
2mg 
| | 8. Work done by conservative forces 
3 mg Fmax =U, -U,=-204+ 10=-10J 
Work done by all the forces, 
N max = 3M + Fmax = Omg Ans. -K,-K;220-10-10J 
4mg ; 9. (a) Work done by gravity in motion 1 is zero 
d) If 8>—=, th block will oed 
q k c dcc cdi (0 = 90°) and in motion 2 is negative (0 = 180°). 


(b) In both cases angle between N and S is acute. 
(c) and (d) : Depending on the value of acceleration 
length. in motion 1, friction may act up the plane or down 
Hence in this case, extension the plane. Therefore angle between friction and 
displacement may be obtuse or acute. So, work done 
by friction may be negative or positive. 


; 4 3 
distance x > a -õp orx > A from natural 


3 
yoo 


or F=kx>3mg (upwards onlowerblock) | Comprehension Based Questions 


So lower block will bounce up. 1. U=E-K=25-K 
6. (a) Decrease in potential energy of B = increase in Since, K20 
spring potential energy i U € 25J 
Img x, = kx 2. U=E-K =-40-K 
4 Since K20 
mg 
rs Ans. $ U €-40J 
(b) E; =E; : Match the Columns 
0-7 (m + 2m) v! 4 Tx x (228) 1. S=r; - n =(+2i)-¢4i)=-2i 
omg Now apply W =F-S 
-Qmg) (=s) 2. Friction force = 0, as tension will serve that purpose 
S 
| m N 
y —2g ||— 
* 3k T 
kx, — 2 
(c)a= EM (upwards) 
2m 
mg 
k ES — 2mg 
k =g Angle between N and S or between T and S is acute 
2m W, and Wy are positive. Angle between S and 
(d) T — 2mg = ma (i) mg is 180°. 


2mg —T =2ma ...(ii) Therefore, W „g is negative. 
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3. (a) Net force is towards the mean position x = 0 


where, F = Owhen displaced from this position. 
Therefore, equilibrium is stable. 
Net force 
a 


a 


sS 


(b) Net force is away from the mean position. 
Therefore, equilibrium is unstable. 
JN force 


(c) Same logic can be applied as was applied in 
part (b). 

(d) Net force is neither towards x = 0 nor away from 
x = 0. Therefore, equilibrium is none ofthe three. 


x 


wt 
\ 
\ 
N 
o 
» 
rd 
4 
m 


f 


t 
/ 


\ 
\ 
"A 
L 


Sy 


Q 
e 
\ 
gone 
Il 
o 


4. (a) From A to B speed (or kinetic energy) will be 
increasing. Therefore net potential energy 
should decrease. 

(b) From 4 to B, a part of decrease in gravitational 
potential energy goes in increasing the kinetic 
energy and rest goes in increasing the potential 
energy of spring. 

(c) and (d) : From B to C kinetic and gravitational 
potential energy are decreasing and spring 
potential energy is increasing. 

(decrease in kinetic energy) + (decrease in 
gravitational potential energy) = increase in 
spring potential energy. 


5. Common acceleration of both blocks 
m Net pulling force T 
Total mass 
20— 
221010 | 
1-2 3 


10 10N 


1kg T -10=ma=1x > 


r= nN 
3 


1 1 
S=- ať = x I x (033 = 0.15 m 
2 2 3 


T T 
S 
| 2g] | 
S 
10N 20N 
(a) W,,, on 2 kg block = (20) (S) cos 0? 
= (20) (0.15) 2 3J Ans. 
(b) W,,, on 1 kg block = (10) (S) cos 180° 
= (10) (0.15) (-1) 
=-1.5J Ans. 
(c) W; on 2 kg block = (T) (S) cos 180° 
- (5) (0.15) (-1) 
3 
2-2] Ans. 
(d) Wz on 1 kg block = (T) (S) cos 0° 
- ($) (0.15) 0) 
3 
=+2J Ans. 
6. (a) f 
S 
W, = fS cos 180° = negative 
S=0 
(b) M 
f 
Wr= 0 
(c) and (d) : No solution is required. 
Subjective Questions 
1. 
me m ~F 
u 
(F g umig)x,, = she 
or kx, = 2(F —umg) 
Second block will shift if kx,, 2 umg 
2(F — um,g) > umg 
or F> (m + 2 ug Ans. 


Initial 


Initial PE, 
0-n/2 
Ei = fio (r 49) (p) (2) (r cos 8) 


= (pg ^) [sin 0]; = pg? 


Final PE, 
nr nr/2 n rpg 
U,;=|—x 
,-(Ex0)o(-22)--2 
2 
au ros [1e =] 
8 
AU =KE 
or r jd zm (p)? 
is 8 242 
=> v= LIE + z) 
T 8 
or y — rg (2i) Ans. 
2 m 
. Fort € 0.2s 
F=800N and v= aye 
0.3 
P = Fv = (53.3 t) kW Ans. 
For t>0.2s 
F = 800 — E (t — 0.2) and deci 
0.1 0.3 


P = Fv = (160 t — 533 D) kW 
0.2 d 0.3 2 d 
W =|, (53.3 f) t+], (160 t — 533 t) dt 
= 1.69 kJ Ans. 


. At the instant shown in figure, net pulling force 
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Total mass being pulled = n (x + h) 


-. Acceleration a = Net pulling force 


Total mass being pulled 


__gh 
x+h 
_dv\__ gh 
dx x+h 
H 0 dx 
Or Due a 
v? l-h 
z 7h lne + 
2 
v l 
or — -ghln|— 
NS p 


v= J2ghln(I / h) Ans. 


. (a) From energy conservation principle, 


Work done against friction = decrease in elastic PE 


oo fGyta)- red ~ a) 
2 ] 
Or Xo — a - (1) 


From Eq. (i), we see that decrease of amplitude 


_ 2 ee 
(xo — a) is ob which is constant and same for each 


cycle of oscillation. 
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(b) The block will come to rest when ka = f 
k 


or a=— 
f 
In the similar manner, we can write 
2f 
a = a = T 
2f 
3 
2f 
4-4 — Ay = E 
Adding Eqs. (1), (ii),... etc., we get 
2f 
X97 & =n E 
2f 
or a, =Xy—n E4 


or n= -—-—- 


Number of cycles, 


mata ho 1.1 k ] 
2 4f 4 4\ fF 
6. Conservation of mechanical energy gives, 
E14 = Eg 
or E my = = kx? + m, gx 
2 2 
or 2m, gH = kx? + 2m, gx 
v=0 
B m 


| 
| 


m» m2 


...(A) 


À 


ü) 


...(n) 


...(B) 


Ans. 


(i) 


The lower block will rebounce when 
nog 
k 


x» (kx = mg) 


Substituting, x = in Eq. (1), we get 


k k 
T H= mg | m + 2m, 
k 2m, 
Thu Hopo DE| ems Ans 
k 2m, 
E =E; 
1 v " 
mv =—m +—k? 
2 2 
2 
or k= 3v a Ans. 
4x 


un,g = 0.8 x 6 x 10 = 48 N 

(mg + mc)g = (1+ 2)x10=30N 

Since (mg + mc)g > un4g,a, = ag = 0. 

From conservation of energy principle we can prove 


that maximum distance moved by C or maximum 
extension in the spring would be 


» | 2meg 2xlxl0 
m k 1000 
= 0.02 m 


[9 
e| [e 


mcg 


At maximum extension 


mc 
Substituting the values we have, 


dc = 10 m/s”, Ans. 


. Rate at which kinetic plus gravitational potential 


energy is dissipated at time f is actually the 
magnitude of power of frictional force at time f. 


|P/|= f.v = (ung cos &)(at) 
= (umg cos &)[(g sin & — ug cos &)t] 
= umng? cos a (sino. — yu cos att Ans. 


10. From work-energy principle, W = AKE 


Pt= E m (? — wu’) (P = power) 
m 2 2 s 
or t=—(v-u Nue 
AP ( ) (i) 
Further 
F:vzP 
m: av 2 =p 
ds 
Y B P 
or J, v dv=— |, ds 
(3 -w)= ae 
m 
or LE 
P v-r 
Substituting in Eq. (i) 
3 + 
t= xut v) Hence proved. 


2 (Ww 44 uv) 


11. (a) Mass per unit length = " 


dm = S R da 
h= R cosa 
mgR? 
dU = (dm) gh = ] cos à: da 
1 7 
U= “dU MER sin : 
I R 
(b) KE =U, -U, 
2 
Here, U; = mek sin L 
I R 
and 
UR+0 2 
U,- [au =" | sin(£+0)-sine 
f 8 I R 


2 
. KE= men sin (5 + sin 0 — sin (o T x) 
I R R 


Ans. 
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2 
(c) I my) = mek sin : + sin 0 — sin (o + j 
2 I R R 
2 
or v= 2gR E | + sin 0 — sin [o } o) 
l R R 
2 
42 ER ss (z)^ sin 0 sin (0 j 
l R R 


2 
siy SER cos 0 cos (0 j a 
dt l 


2 
£ cos 0 — cos | 0 4 d 
dv I R dð : 
..(1) 
dt 2v dt 
Here dt = 2 = 2 
v v R 


Substituting in Eq. (i), we get 


a cos = cos [0+ £ 
dt l R 


At t=0, 0=0° 
Hence, Er LER 1— cos : Ans. 
dt l R 


12. From conservation of energy, 


1 1 
m gh, =m gh, + = mv; += mv? 
2 2 
Here, y, = v cos 0 


- 2x10 x 1= (0.5) (048 - «2x05 


2 
3f 2 1 2 
Xv5X|—| *—X2Xv 
2 EJ 2 2 
20-6184 02v2 + v5 


v, = 3.39 m/s Ans. 
2 
and vı = v, cos 0 = — x 3.39 
1 2 J5 
or vı = 3.03 m/s Ans. 
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13. Net retarding force = kx + bMgx 


14. 


-. Net retardation = (AF) X 


M 


So, we can write 
dv (k*bMg). 
dx 


x 


M 
k + bMg) 1 
or [v w=- E [sas 
M 0 
vo 
M 
or x= |- v 
k + bMg 


Loss in mechanical energy 


Azat Mv - lg 
2 2 


or AE= : Mv, n m vw 
2 k + bMg 
2 
dh Ape gx. M 
k + bMg 
__vobM*g 
2(k + bMg) 


From conservation of mechanical energy, 
E, =E; 


1 1 
or 5h + mgh, = si 


v= 22h; + Eg 
à m 


15. 


Ans. 


Substituting the values we have, 


v= P x 9.8 X 1.9 + 2300 (0045)? 
012 


= 8.72 m/s Ans. 


(a) From work energy theorem, 
Work done by all forces = Change in kinetic energy 


[2Fx — kx? 
y ma [———— 
m 


Substituting the values we have, 


j= l x 20 x 0.25 — 40 x 0.25 x 0.25 
0.5 


= /15 m/s = 3.87 m/s Ans. 
(b) From conservation of mechanical energy, 
E; = Ey 
or tav + lg A 5 
2 2 2 
mv; 
or xp = +x 
k 
E 0.5 x15 (0.25)? 
40 
= 0.5 m (compression) 
Distance of block from the wall 
= (0.6 — 0.5) m 
-01m Ans. 


. Circular Motion 


INTRODUCTORY EXERCISE 


1. Direction of acceleration (acting towards centre) 
continuously keeps on changing. So, it is variable 
acceleration. 


2. In uniform circular motion speed remains constant. 
In projectile motion (which is a curved path) 
acceleration remains constant. 


~V~ @0" ap 


3. (à) a, 4t 
() "OR 1.0 
Att-ls, a, = 4 cm/s” Ans. 
d 
(b) a, = =2 cm/s” Ans. 
dt 
©) a= Jal + @ = JUP + QP 
= 245 cm/s” Ans. 
4. Vay -S VZR T/4 
t (T14) 
_ 4J2R 
2mR)/v 
Qn i S 
Ya | 282 Ans. 
v T 
5. (Ro?) = Ra 
o =a 
or (ot =a 
T" — 4 
va V4 
=0.5s Ans. 
6 pe ag, 
dt 
vy (ry 84 
"OR 54 27 
Att-3s, 


a, = 24 m/s? 


a, 2 24 m/s? 


tan@=“ =] 


aq. 


0 = 45? Ans. 


5 


T. (a) a, = acos 30° = (25) X 


= 21.65 m/s? Ans. 


N 


e 


A 


2 


(b) a, =- > v= aR 
or v =,/(21.65) (2.5) 


= 7.35 m/s Ans. 
(c) a, =a sin 30° = (25) (3) 12.5 m/s? Ans. 
INTRODUCTORY EXERCISE 
v= exe =5m/s 
18 
2 2 
tan 0 = es Ld 
Rg 10x10 4 
0 = tan! (7) Ans. 
4 
v = yURg 
Q9. 6 
gR 10x10 
=0.25 Ans. 
v =./Rg tan 0 = 4/50 x 10 x tan 30° 
=17m/s Ans. 
a#0 => F,, =ma#0 


net 
Hence, particle is not in equilibrium. 


If he applies the breaks, then to stop the car in a 
distance r 


O=v -2ar 


2 


v T ; ; 
. a= = =minimum retardation required. 
r 


(by friction) 
If he takes a turn of radius r, the centripetal 
acceleration required is 
p 


(provided again by friction) 


v 
b=— 
» 


Since a, < æ, it is better to apply brakes. 
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6. T; 
0 
Sec 5 
9 4 
DS 
Tj 3 
mg 
T, cos0 + T, cos 0 = mro? (i) 
o = (21x) 


Here, n = number of revolutions per second. 
Substituting the proper values in Eq. (1), 


200 x (2) +T, x (2) = (4)(3)(2nn)? 


5 
or 600 + 37, = 240 ^r? (ii) 
Further, Tsin 0 = T, sin 0 + mg 
or 200x 5 2r, x 5 4 x10 
5 5 
or 800 = 4T, + 200 ... (ii) 


Solving Eqs. (ii) and (iii) we get, 
T, =150N and n= 0.66 rps 
= 39.6 rpm 


2 
mv 


T. (a) mg - Nu z 


Ni 
N2 
mg 
mg 
g mv 
or mg — — = — 
i R 
mv -m8 _16KN _ gin 
R 2 
2 2 
Now, N,-mg=—— or N,=mg +—— 
mg 3 
=mg + —— => 
& 2 2 E 
= 5 (16 KN)=24 kN Ans. 


2 
mv 


2 
(b) mg-N = ae or N 2 mg — 


02 mg — 


Vmax = ER = J10x250=50m/s Ans. 


N 


mv 
(c) Note = 


2 
v 
vene 


3 
| 16x10 fio ul 


10 250 
232x105 N 232 kN Ans. 


INTRODUCTORY EXERCISE 


. (a) String will slack at height /, discussed in article 


10.5 where, 
2 
h- w TER X (as i? = 4gR) 
3g 3 
v 2 Ju? -2gh, =,|4gR -2g x ZR 
2 
=,/—gR 
38 


. (a) Velocity becomes zero at height /, discussed in 


article 10.5 where, 


Now, h =R (l- cos 0) 


ESRA cos 6) = 0 = 60° 


(b) T = mg cos = “Sat 0 = 60° 


. (a) v 2 Ju? - 2gh = JIgR - 2g2R) = J3gR 


2 
mv m 
b) T + mg = —— = —(mgR 
(b) | ae 
arene 
mu m 
c) T — mg = — =—(7gR 
(c) EET ro 


T -8mg 


i h=1— 1008 60° = 5 =2.5 m 


«| 


i 
Vo 


vo = 42gh = [2x 9.8 x 2.5 2 7 m/s Ans. 


Exercises 


LEVEL 1 
Assertion and Reason 
2. AtoB S=2R 
and  |Av|- v? + v? — 2v. v cos 90° 


=42 v 
|Av| 42v 


Average acceleration = —— = —— 
t t 


and average velocity = 


; HERES 
The desired ratio is r^ =O 


3. Direction of acceleration keeps on changing. So, it 
is variable accelration. Further, it is accelerated so it 
is non-inertial. 


4. v v 


v = constant vis increasing 


v 


vis decreasing 


In first figure, v-a=0 
In second figure, v- a = positive and 
In third figure, v- a = negative 
Further, œ and v are always perpendicular, so 
Q.v-0 
5. Component of acceleration perpendicular to 
velocity is centripetal acceleration. 


2 2 2 
a, =~ or R-- -0 =2m 
R a, 2 
6. AtA 
Tangential acceleration is g. Radial acceleration is 
y 
R 


p 
T. At AandC, v = 0. Therefore, radial acceleration A 


is zero. But tangential acceleration g sinO is 
non-zero. 


8. For t<3sec, speed is negative which is not 
possible., 

9. Incircular motion, a # constant, so we cannot apply 
v=u + aż directly. 


In vertical circular motion, gravity plays an 
important role. 


10. N, 
I 
mg 
0 
N cos0 2 mg 
=> N = mg sec® 
2 
and N sing = P". 
R 
11. Weight (plus normal reaction) provides the 


necessary centripetal force or weight is used in 
providing the centripetal force. 


Single Correct Option 


1. Magnitude of tangential acceleration is constant but 
its direction keeps on changing. 

2. A10 =180°, |AP| 2 2 mv = maximum 
At0 = 360°, |AP| = 0 = minimum 

3. h-1-1cos0 = 1(1— cos0) 


v? = 2gh = 2gl (1— cos 0) = Ve ox 


Ka 3 my) = mgl (1 — cos 0) Ans. 


4. Rod does not slack (like string). So, minimum 
velocity at topmost point may be zero also. 
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5. T 
u 
mg 
J5gRy. 
T mg - Pt am gR) 
R 
ET T =6mg Ans. 
2 
6. T -a-a (Here, a, = asay) 
or (aty’ =a 
R 
t= fe = PP -2s Ans. 
a » 


7. cos(d0) components of T are cancelled and 


sin (40) components towards centre provide the 
necessary centripetal force to small portion PQ. 


2T sin (40) = (mpg) (R) œ? 
For small angle, sin 40 = dO 
) (20) (R) Qnr? 


2T de =| 7 
21 

T =2n mn’R 
Substituting the values we get, 


T = (2n) (2x) (300/60)? (0.25) 


= 250N Ans. 
2 
8. ™ -um 
R umg 
v = Rg = 40.3 x 300 x 10 
= 30 m/s = 108 km/h Ans. 
9. T cos0 2 mg (i) 


T sin 8 = mro = m (l sin 0) o? ...(ii) 


Solving these two equations we get, 


cos 8 = C» = E 
la” 1 (2mn) 
TER O (1 -1m) 
E x =| 
T 
0 = cos! (5/8) Ans. 
10. 7 mg 0.1x 10 BN Ank: 


cos 8 5/8 5 
11. f=ma=ma+a@? 
=m (Ra) + (Ro? 


=m (Ray + [R (a0 ]? 


2 272 
= 0.36 x | (0.5 x j + E G x 2) | 


=50x10°N 
=S50uN Ans. 
12. v= 2gh 
T 
v 
mg 
2 
T -mg = = 
l 
or T =mg+ uS 
=mg ( + +) Ans. 


13. (0, -09,) t 2 2x 


- 2n a 27 
@,-@,  Qmx/Tj) - (27/7) 
T,T, 3xl 
T,-T, 3-1 
=1.5 min Ans. 
TA Ans 
d vt 2 4 
Subjective Questions 
1. a, 2 8m/s 
2 2 
pa UE aida 
R 0 
a= Va; + a? = 9,5 m/s? Ans. 
2. uN 
mg 
N 2 mRo? (i) 
uN = mg ...(11) 
From these two equations we get, 
qe: 
uR 
C NP 4.7 rad/s Ans. 
0.15 x3 
2 2 2 
3.a=" => R=" Gor) Ans. 
R a g 
4. 


In critical case, normal reaction on inner wheel N; 
will become zero. Normal reaction on outer wheel 
N,-mg. Friction will provide the necessary 
centripetal force. 
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Taking moment about C 


N, () 2 f (h) 
2 
mv 

or mg)x =| — |h 
(mg) c3 
h 

_ [9.8 x 250 x 0.75 
15 
— 35 m/s 


5. Let @ be the angular speed of rotation of the 


bowl.Two forces are acting on the ball. 
aa 


1. normal reaction N 
2. weight mg 


The ball is rotating in a circle of radius r(= R sin a) 
with centre at A at an angular speed œ. Thus, 


N sin à = mro? 
= mRo? sina sali) 
and N cosa = mg .. (ii) 
Dividing Eq. (1) by Eq. (ii), we get 
1 œR 
cosa - FE 


g 
R cosa 


oO= 


6. R-Lsin0 


T sin © = mRo? =m (L sin 0) o? 
T = mLo? 
Now, T cos0-2mg 
mg _ mg _ B 
T  mLo) Lo? 
Hence proved. 


cos 0 — 
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7. i= 2h — 2x29 077s 
g 9.8 


Horizontal distance x = vt 


_x_ 10 
t 077 
= 13 m/s 
v (By 
amm 
= 113 m/s? Ans. 


8. (a) The frictional force provides the necessary 
centripetal force. 


mL@ = umg 
Or o= be 
L 


(b) Net force of circular motion will be provided by 
the friction 


O =at ...(1) 


Fiet = ma? + a? 
umg = m4 (La y + (Lo? 


a, = Lo and a, = Lo? 


...(ii) 
Here, 
Substituting €) = ot in Eq. (ii) we have, 


ug = rie + Lait 


1 


ue? - Po? 4 
"UU nce 


Substituting the value of t in Eq. (i) we have, 


el} 


9. N cos0 2 mg 


mg 
k— r — 
N sin 0 = mro 
= m (Rsin 0) o? 

Dividing these two equations, 
g , 

z) 
a 


we get cos 0 = 


= | £ 
R cos 0 


At lowermost point, 0 = 0° 


Q- 2 
R 


Substituting © = J2g/R in Eqs. (i), we have, 


cos 0 = l 
2 
0 = 60° Ans. 
10. 
0. (a) 2kg T 


T = mna = (2) (2) (4 = 64 N 
Centripetal force required to 1 kg block is 


1kg 
T=64N 
f=48N 


F, =m n} œ = (1) (1) (4? 216N 


But available tension is 64 N. So, the extra force 
of 48 N is balanced by friction acting radially 
outward from the centre. 


(b) fax “UM g 20.8x1x1028N 
2kg T T 1kg 8N 


2; ones 
(mrna) (m no?) 


T = mno = (2) 2) 0 = 4 0? NO 

T -8=m no? - (D () (o?) 2o (iD 
Solving Eqs. (1) and (ii) we get, 

œ = 1.63 rad/s Ans. 


(c) T=m 4 o? 


2 kg T 


— mh o2 


100 = (2) (2) @? 
or @=Srad/s 
11. v? =v? + 2gh= (0.5 Jer Y. + 2gr (1— cos 0) 
= (2.25 gr — 2gr cos 0) 
At the time of leaving contact, N = 0 


2 
- mg cos0 ge. 2.25 mg — 2 mg cos 0 


2.25.3 
cos 8 = —— =— 
4 


0 = cos! (3/4) Ans. 
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LEVEL 2 
Single Correct Option 
1. E, = Eg 
5 m3 = x 200x03- 7? (m= 2 kg) 
ES v4 = 60 m/s 
12. 25 NR a mv)  (2)(60y 
"oa MS = At4, N=—45 =1440 N Ans. 


2. Let us see the FBD with respect to rotating cone 
(non-inertial) 
N 


F = mH? = centrifugal force 


mg 


N, F and mg are balanced in the shown diagram. If 
displaced upwards, F will increase as R is increased. 
This will have a component up the plane. So, it will 
move upwards. Hence, the equilibrium is unstable. 
v = 5.66 m/s 3. umg = mRo* 
; ug _ (/3)g _ 4g 
Fig, = (2.5 mg’ + (mg)! + (2) (2.5 mg) (mg) cos 150° i UTR 5al4 15a 
= : mg 4 
a c = 1.7 g = 16.75 m/s? Ans. q, o Y. 2gh _ 2gR (1 cos0) 
POR R R 
Given, Q4 = dg 
ET sin 0 = 2 — 2 cos 0 
Squaring these two equations we have, 
sin? 0 = 4 + 4 cos? 0 — 8 cos® 


or 1- cos? 0 = 4 + 4 cos? 0 — 8 cos 0 


Ans. 


. d,-gSsinO 


13. v? =v? + 2gh=vê+2 gR sin 


On solving this equation, we get 


3 - 
eS or 0 = cos ! (3/5) Ans. 
-(5y +2x10x2sin@ 
= (25 + 40 sin 0) 


5. Atthe time of leaving contact 


2 


Now, 2mg — mg sing = 
or 2g — inot 
g-8 R 

25 + 40 sin 0 


Or 2x10- 10 sin 0 = A 


Solving this equation we get, 


0 = sin! (7) Ans. 
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2mr _ (2m) (0.5 
2| È +R- 0048) g; y= PO) 
2h 4 T 1.58 
cos 8 = — = 
R Fy 
On solving this equation, we get 2 
{5 
cos@=5/6 or @=cos! B Ans. mg 
6. hy, =R cos 37? — R cos 53? 
VB 
B Qm € 
=2m/s 
TN Fy icis 100 N 
N 
E po LEURS LUN 
g a, = radial acceleration f 0.5 
=0.8R—0.6R Net force by rod on ball 


=0.2R =F) + F} =128N Ans. 
vg = 428gh;g =/0.4gR 10. t=T 


2 
2 0.4 gR 

a, =g cos 37° = (0.8) = 2 2 — & " [2n 2x 
r F 


g [0] 
r= radius of curvature at B 2 
R Ko Q — 2n m = E Ans. 
== 2H H 


2 
7. At the time of leaving contact at P, 11. or-o = 2n 2 
— >u & t= z 
@, — 05 
" _ 2T 
Qn/T|) - Qn/T;) 
_ nn 
T -T 


|. (3600) (60) 
~ (3600) — (60) 
mg 3600 

= S 


=— Ans. 
N =0 id > 
mv) m(w + 2gh) 12. Particle breaks off the sphere at cos 0 = — 
mg cos ð = P - : 3 
2 
u^ + 2g (a/4) 
3a/4) = ———————- 
g Ga/4) F 
u= = Ans. 
2 
8 y? _4 
UR gy . - T 
Do ) The tangential acceleration at this instant is 
im g sin @ = g4]1 — cos? 0 
y 
2m 4 45 
P =m == Ans. = g,/1-—=—_ Ans. 
mv d g act. g 


13. u- J5gR 


v? =u? — 2gh = (5gR) — 2gR 


=3gR 
v? 
a, =— =3 
"UR g 
a, —g 
a= a? + a? 
= g/l 
14. N 2 nRo* 
uN 
mg 
uN = mg 


From these two equations. we get 


Vertical component of velocity is, 


v — vw sin 0 
= sin 0,/2gR cos 0 
For v to be maximum 
d 
dy o 
dO 


Ans. 


16. 


17. 


18. 
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-. [cos 0 J2eR cos 0 ] 
" sin 0 
2Jagk cose 
4gR cos?0 — 2gR sin?0 = 0 


or 2cos?0-(1- cos?0)- 0 


(-2gR sin 0) 2 0 


1 
or cos 8 = — 


V3 


0 = cos! (=) Ans. 


à, = d, 
dv y? 
NA v = speed 
IR (v = speed) 
v 1 t 
IE 2 dy 2— | dt 
R 0 
vo 
S a 
vw v| R 
1 1 £ R-vwt 
or 
v v R Rvo 
R 
or y= 
R — vot 
dx - Rvo (x = distance travelled) 
dt R- vt 
x t 
or | dx = | ze dt 
A ^ R — vet 
1 t 
x = Rv | -—|[In (R = vð], 
Vo 
=-—R In ( — z£) 
R 
1 Vot —x/R 
R 
R i 
of t=t=—(1- ES 
Vo 
Putting x = 27R, we get 
t= R (1— &?*) Ans. 
Vo 


If u » J5gl, then T and a are in same direction. 
Hence, T - a is positive. 
If u = Vgl, then T = 0 
ET T-a=0 
At lowest point T and a are always in same direction 
(towards centre). 

T -a is always positive. 
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More than One Correct Options 


1. Radial acceleration is given by, 


=4------O 


xi mecs 


At A, speed is maximum. 
Therefore, a, is maximum. 
At C, speed is minimum. 
Therefore, a, is minimum. 
Tangential acceleration is g sin 0. 
At point B,0 = 90°. 
Therefore, tangential acceleration is maximum 
(= g). 
H mi 


2. T+mg=— > 


mu? 
2 mg + mg - 


^ wed 


v? =u +2 gh=3gl+ 2g (21) 


=7gl 
v= 7gl 
3. R=hcota 


N cosa = mg 


k 
: mv* 
N sin © = —— 


Solving these two equations, we get 


v=./Rg tana 


— J (h cot &) (g tan a) 
= Ja 


Now, 
T- 2nR 2x hcota 
W^ JE 
h 
- 2n E cot a 
g 
T e 4h 
and T e cot a 
. N cos0 2 mg (i) 
N sin 0 = mR@? Gi) 
From Eq. (i), 
N=” = constant 
cos 
as 0 = constant 


Net force is the resultant of N and mg and both 
forces are constant. 


Hence, net force is constant. 


Q= £ tanO 
R 
But R= h 
tan 0 
Q= & tan 0 
h 
or O ex E (0 = constant) 
Jh 


Comprehension Based Questions 


1. AU 2 AU + AU ba 
I 
= Mg | — | + mgl 
(5) «vs 
(Gn gl Ans. 
2 
2. 9-7 
i l 


Now, decrease in rotational kinetic energy 
= increase in potential energy 


Pe? = (+m) a 


3. Maximum velocity is at bottommost point and 
minimum velocity is at topmost point. 


Jd + 2g CL) 2 


Umin 1 


On solving, we get 


u, = 2 = Ans. 


K ux =a = Ans. 


= | — - 2gL = | —— Ans. 


Match the Columns 


1. (a) v2 4d —2gh = [12g] — 2gl 


= /10g/ = ./10 x 10x 1=10 m/s Ans. 
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= 100.49 m/s? 
mv ()ü0y 
l 
(d) a, 2 g «10 m/s? 


(c) T= 


=100N 


Atls, 
a, =2 m/s’, 
a, - 2 m/s’, 
v=2m/s 
and @ = l rad/s 


(a) a- v= av cos 45? 
= (242) (2) (W2) = 4 m?/s? 
(b) |a x 0| = ao sin 90° 
= Q42) (1) (1) = 242 m/s? 
(c) v-@ = 0as0 = 90? 
(d) |v xa |= va sin 45° 2 4 m?/s? 


my? 
R 


Lg e———F 


==] 
7 


With increase in speed f will increase but E will 


remain same. 
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Av 
(©) lay |= 
Ni C N2 
x +v- 2v,v, cos 90° 
(T/4) 
_ 4v2v 2- 
f= mv?/R =F (asv; =v; =v) 
Z (442) v 22y? 
mg QnR/v) TR 
Further, with increase in the value of v, friction f = 43 m/s? 
will increase. Therefore, anticlockwise moment of 2 
f about C will also increase. Hence, clockwise ( S-J2R-42 B 
moment of N should also increase. Thus, M, will T 
increase. But N} + N, = mg. So, N , will decrease. 2/2 
4. r=|r|= 4GY +(4Y 25m uir uus 
| 2 
MEW = yi a Subjective Questions 
2 
a, -|a|- 436€ b 1. (a) Applying conservation of energy 
In uniform circular motion, v is always -1 lar. 
perpendicular to a. mph- 2 (3Lg) 
5 v:a-0 3L 
o a. & ET Ans. 
: ab = 24 (i) (b) Since, ./3Lg lies between J2Lg and ,/5Lg, the 
2 
we string will slack in upper half of the circle. 
"or Assuming that string slacks when it makes an 
2 angle 0 with horizontal. We have 
(oop a= ii) m^ 
mg ange: (0) 


Solving these two equations, we can find the values 
of a and b. v? = (J3gLY. — 2gL (1+ sin 0) ...(ii) 


(d) r, vand a lie in same plane. But v xa is Solving Eq. (i) ånd Eq. Gi), we get 


perpendicular to this plane. 1 
Ae rivxa Ne 
or r-(vxa)=0 
i = and v= gL 
5. (a) Since, speed = constant 3 
Average speed = this constant value = 1 m/s. Maximum height of the bob from starting point, 
(b) Average velocity = > T/A V a, 
NOR 
T/4 
E ANIR o h= L (1 + sin 0) 
(2TR/v) 
E 442v u 
2n v? sin? (90° — 0) 


2 H =L (1+ sin0) + 
=—— m/s 2g 
T 


-—L Ans. 


Note Maximum height in part (b) is less than that in 
part (a), think why? 
2. h=0.8 sin 30° = 0.4 m 


v= 2gh 


(a) Just before, 
2 
T, — mg sin 30° = rs (R; = 0.8 m) 
1 


_ mg " m (2g) (0.4) 


T, 
2 0.8 
- 3mg Ans. 
2 
(b) Just after, 
mv? 


T, — mg sin 30° =—— (R, = 0.4 m) 
R 


_ mg , m Qg) (04) 


T. 
dE 0.4 
Or T, = E Ans. 


3. h= I(1— cos 0) 
yz v — 2gh = 3gl — 2gl(1 — cos 0) = gl(1-- 2 cos 0) 


At 45? means radial and tangential components of 


acceleration are equal. 
p 


V a 
—=gsin0 
7 g 
or 1+ 2cos0 = sin 0 
Solving the equation we get, 0 = 90? o Ans. 


2 
4. Banking angle, 0 = tan ! 5 
Rg 


36 km/h = 10 m/s 


0 = tan! 190- = 27° 
20 x 9.8 
Angle of repose, 


0, = tan ! (u) = tan”! (0.4) = 21.8° 


Since 0 >@,, vehicle cannot remain in the given 
position with v = 0. At rest it will slide down. To 
find minimum speed, so that vehicle does not slip 
down, maximum friction will act up the plane. 


To find maximum speed, so that the vehicle does not 
skid up, maximum friction will act down the plane. 
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Minimum Speed 


Equation of motion are, 
N cos 0 + uN sin 0 2 mg «s (1) 


. m 3 
N sin O — uN cos 0 == Vmin ...(ii) 
Solving these two equations, we get 


Vmin = 4.2 m/s Ans. 


Maximum Speed 
Equations of motion are, 
N cos0 -uN sin 0 = mg ...(Iil) 


N sin + uN cos 8 =F, . (iV) 


max 


Solving these two equations, we have 
Vinx = 15 m/s Ans. 


5. Let vbe the velocity at that instant. Then, horizontal 
component of velocity remains unchanged. 


v 
9/2 


g 
0 u cos 0 
vcos—=ucos0 or v= 
2 0 
cos — 
2 


Tangential component of acceleration of this instant 
will be, 


a, = g cos (1/2 + 0/2) = — g sin 0/2 
a, =a’ - d = g-g in 


- d 
5 2 
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: y? 
Since, a, = — 
R 
2 
u cos 0 
0 
5 cos — 2 á 
v u^ cos’ 0 
or R=—= 2 = Ans. 


dn E cos? I 
z £ 2 


6. Aftris  v=u+ar=20i+10j, 
v = 4500 m/s = 10/5 m/s 
a --10j 
a =a cos 
a-v —100 
v 10/5 
=- W5 m/s” Ans. 
= PN 2 = Jao} - 2J5y 
a, = a, = ( ) ( ) 
= 4/80 m/s? = 44/5 m/s? Ans. 
2 PV 
R ES = (10 5) = 2545 m. Ans. 
a 445 
7. (a) Force diagrams of m, and m; are as shown 
below 
—— 
— 


(Only horizontal forces have been shown) 
Equations of motion are 
T + umg = m Ro? a) 
T -umg = m Ro .. (ii) 
Solving Eqs. (1) and (ii), we have 
2m 
a (m, E mR 
Substituting the values, we have 
Omin = 6.32 rad/s Ans. 
(b) T = m Ro’ + um g 
= (1) (0.5) (6.32? + (0.5) (2) (10) 
=30N Ans. 
8. Speed of bob in the given position, 
y 2 J2gh 
Here, h=(400+ 400 cos 30°) mm 


= 746 mm = 0.746 m 
y 2 2 x 9.8 x 0.746 = 3.82 m/s 


Tsin 30° 


T Tcos 30° 
my? 
Now T —mgcos0 = 
T 22x 9.8x cos 30° + 2% G82)" 
(04) 
or T=90N 
R=T sin 3002 45N Ans. 
T' =T cos 30° 
9. Speed of each particle at angle 0 is, 
vy — J2gh (from energy conservation) 
where, h= R(1— cos 0) 


v — J2gR(1- cos 0) 


2 
N + mg cos@ = 
R 


or N + mg cos 8 = 2mg(1— cos 0) 
or N = 2mg — 3mg cos 0 s30) 


The tube breaks its contact with ground when 


2N cos 0 > Mg 
Substituting, 2N cos0 = Mg 
or 4mg cos 8 — 6mg cos? 0 = Mg 


Substituting, 0 = 60? 
2mg — — = Mg 


or M - z Ans. 
m 2 
Note Initially normal reaction on each ball will be 


radially outward and later it will be radially 
inward, so that normal reactions on tube is 
radially outward to break it off from the 
ground. 
10. At distance x from centre, 
Centrifugal force 2 mx o? 


~. Acceleration a = x €? 


dv 2 
Y. = 


or .— =x 
dx 


11. 


12. 


or f» dv 20 | x dx 
a 
2 2 
y (Q) 2 2 
or —-—(l-a 
RR ) 
or v= oJ D -a Ans. 
PELA 
R 
fa =UN = puny? 
max R 
Retardation a= ux 
m 
_ bv? 
R 
Eum 
t R 
v dv u pi 
or —-—-—| dt 
N y» R0 
or yz : Ans. 
jq E 
R 
Let R be the radius of the ring 
h= R(1— cos 0) 
v? = 2gh = 2gR(1 — cos 0) 
2 
m N4 mg cos 0 
R 
or N - 2mg(1— cos 0) — mg cos 0 


N =2mg — 3mg cos 0 


In the critical condition, tension in the string is zero 
and net upward force on the ring 


F =2N cos0 = 2mg(2 cos 0 — 3 cos? 0) sall) 
F is maximum when ca (0) 
d0 
Or —2 sin 0 + 6 sin 0 cos0 = 0 


1 
or cos 8 2 — 
3 


13. 


14. 
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Substituting in Eq. (1) 
1 1 2 
Fax = 2mg|2x—-3x—|=—m 
5 3 ; 3 5 


max 


Fu > Mg 
2 
or 3 mg » Mg 
3 
or m> 5 M Hence proved. 


Minimum velocity of particle at the lowest position 
to complete the circle should be 4/4gR inside a tube. 


So, u —4JAgR 
h= R(- cos 0) 
2. 
y =u —2gh 
or v= 4gR — 2gR(1-— cos 0) 
= 2gR(1+ cos 0) 
or v= 2gR (2 cos? 3 


or v=2/gR d 
2 
From ds — v: dt 
We get R dð = 24gR cos 5 di 
1 |R p™2 0 
or [a= =" sec | — | dO 
0 2\g"0 2 
eater) 
or t=_/—| In| sec— + tan — 
Ys 2 2) Jo 
[R 
or m (1+ V2) Hence proved. 
g 


At position 0, 
v= vo. * 2gh 


where, h= a(l — cos 0) 
v? = (J2ag Y. + 2ag(1— cos 0) 
or v? = 2ag(2 — cos 0) EO 
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15. 


N 


N + mg cos 0 = uid 
a 
or N + mg cos0 = 2mg(2 — cos 0) 
or N =mg(4 — 3 cos 0) 
Net vertical force, 
F =N cos0+ mg 


= mg(4 cos 8 — 3 cos? 0 + 1) 


This force (or acceleration) will be maximum when 


dF o 
dO 
or —4 sin 0 + 6 sin 8 cos0 = 0 
So, either 

sin 0 = 0, 

0-20? 
Or cos0 = 2 i 
3 


0 = cos! (=) 
3 


0 = 0°is unacceptable 
Therefore, the desired position is at 


0 = cos! (5) Ans. 


(a) Let v, be the velocity of mass relative to track at 
angular position 0. 
From work energy theorem, KE of particle relative 
to track 

= Work done by force of gravity + work done by 
pseudo force 


i mv? = mg(l — cos0) + m EJ sin 0 


4g .. 
or  v?-2g(l- cos 6) + ^X sing .. (i) 


Particle leaves contact with the track where N = 0 


sin 6 
I——4 


2g) . 
Or mg cos ð —m Ej sin 0 = mv? 


2g . 4g . 
or g co58 — = sin @ = 2g(1 — cos @) + ^ sin 0 


or 3 cos - c sin @ =2 


Solving this, we get 0237? Ans. 
(b) From Eq. (1), we have 


y, = pst — cos 0) + = sin 0 


or v, = 2.58 m/s at 0 = 37? 
Vertical component of its velocity is 
v, =v, sin 0 


=258x2 
5 
=1.55 m/s 
Now, 1.3=1.55t + 50 |: s=utt+ i e) 
or 5? + 1.55t-1.3=0 
or t=0.38s Ans. 


JEE Main and Advanced 


Previous Years’ Questions (2018-13) 


1. 


JEE Main 


The density of a material in the shape of a 
cube is determined by measuring three 
sides of the cube and its mass. If the 
relative errors in measuring the mass and 
length are respectively 1.5% and 1% , the 
maximum error in determining the 
density is 
(a) 2.596 


(2018) 


(b) 3.5%  (c) 4.5% — (d) 6% 


All the graphs below are intended to 
represent the same motion. One of them 


does it incorrectly. Pick it up. (2018) 
Velocity Distance 
a Dee p Kr 
Position Velocity 


(c) Om (d) Rom 


Two masses m, = 5 kg and m, = 10 kg 


connected by an inextensible string over a 
frictionless pulley, are moving as shown 
in the figure. The coefficient of friction of 
horizontal surface 1s 0.15. The minimum 
weight m that should be put on top of m, 
to stop the motion 1s (2018) 


LE 
a? 


W 
mı 
mig 

(a) 18.3 kg (b) 27.3 kg 

(c) 43.3 kg (d) 10.3 kg 


4. 


7. 


A particle is moving in a circular path of 
radius a under the action of an attractive 


potential U = — —.. Its total energy is 
i (2018) 
k k 
a) -—~ b) —~ 
M) 4a* ) agi 
3k 
C) zero diez 
(c) (d) 25 


In a collinear collision, a particle with an 
initial speed v, strikes a stationary 
particle of the same mass. If the final 
total kinetic energy is 50% greater than 
the original kinetic energy, the magnitude 
of the relative velocity between the two 


particles after collision, is (2018) 
Vo b) J2 Vo da) “e 
m (b) V2 v, Ves (0 -77 


A particle is moving with a uniform speed 
in a circular orbit of radius R in a central 
force inversely proportional to the nth 

power of R. If the period of rotation of the 


particle is T, then : (2018) 
(a) T = R°? foranyn  (b)T « R2 
(c) T « R^ +0? (d)T e R”? 


A body is thrown vertically upwards. 

Which one of the following graphs 

correctly represent the velocity vs time? 
(2017) 


' / 
V V 
(a) (b) = 
A 
LN 


8. 


10. 


11. 


A body of mass m = 10^kg is moving in a 
medium and experiences a frictional force 
F =- kv’. Its initial speed is v, = 10 ms ^. 


If, after 10 s, its energy is 1/8 mv;, the 


value of k will be (2017) 
(a) 10? kgs"! (b) 10^ kgm! 
(c) 10" kgms” (d) 10° kgm! 


A time dependent force F = 6t acts on a 
particle of mass 1 kg. If the particle starts 
from rest, the work done by the force 
during the first 1 s will be 


(a) 22 J (b) 9J (c) 18 J 


(2017) 
(d) 4.5 J 


A point particle of mass m, moves along 
the uniformly rough track PQR as shown 
in the figure. The coefficient of friction, 
between the particle and the rough track 
equals u . The particle is released from 
rest, from the point P and it comes to rest 
at a point R. The energies lost by the ball, 
over the parts PQ and QR of the track, are 
equal to each other, and no energy 1s lost 
when particle changes direction from PQ 
to QR. The values of the coefficient of 
friction p and the distance x 


© QR), are respectively close to (2016) 
m" 
h=2m 
| 309 R 
+ 
Horizontal ————>Q 
surface 


(a) 0.2 and 6.5 m 
(c) 0.29 and 3.5 m 


(b) 0.2 and 3.5 m 
(d) 0.29 and 6.5 m 


A person trying to loose weight by burning 
fat lifts a mass of 10 kg upto a height of 1 m 
1000 times. Assume that the potential 
energy lost each time he lowers the mass is 
dissipated. How much fat will he use up 
considering the work done only when the 
weight is lifted up? Fat supplies 3.8 x 10" J 
of energy per kg which is converted to 
mechanical energy with a 20% efficiency 
rate. (Take, g= 9.8 ms”) (2016) 
(a) 2.45 x 10? kg (b) 645 x 10? kg 

(c) 9.89 x 10? kg (d) 12.89 x 10? kg 


12. 


13. 


14. 


15. 


Mechanics Vol. 1 


The period of oscillation of a simple 
pendulum is T = 2n JL/ gs. Measured 


value of L is 20.0 cm known to 1 mm 
accuracy and time for 100 oscillations of 
the pendulum is found to be 90 s using a 
wrist watch of 1s resolution. The accuracy 
in the determination of g is (2015) 


(a) 3% (b) 2% (c) 1% (d) 5% 


Two stones are thrown up simultaneously 
from the edge of a cliff 240 m high with 
initial speed of 10 m/s and 40 m/s, 
respectively. Which of the following graph 
best represents the time variation of 
relative position of the second stone with 
respect to the first? 

(Assume stones do not rebound after 
hitting the ground and neglect air 


resistance, take g= 10m/s? ) (2015) 


Given in the figure are two blocks A and 
B of weight 20 N and 100 N, respectively. 
These are being pressed against a wall by 
a force F as shown in figure. If the 
coefficient of friction between the blocks is 
0.1 and between block B and the wall is 
0.15, the frictional force applied by the 


wall in block B is (2015) 
Afi A fo 
F R 
— A R—- B I———— R 
+ | 
A = 20N 5 Weg = 200N 
(a) 100N (b)120N (c)80N (d)150N 


The current voltage relation of diode is 
given by I = (e "7 — 1) mA, where the 
applied voltage V is in volt and the 
temperature Tis in kelvin. If a student 
makes an error measuring + 0.01 V while 


Previous Years’ Questions (2018-13) 


16. 


17. 


18. 


» (c) .. Density, p= 


measuring the current of 5 mA at 300 K, 
what will be the error in the value of 


current in mA? (2014) 
(a) 0.2 mA (b) 0.02 mA 
(c) 0.5 mA (d) 0.05 mA 


A student measured the length of a rod 

and wrote it as 3.50 cm. Which 

instrument did he use to measure it? 

(a) A meter scale (2014) 

(b) A vernier caliper where the 10 divisions in 
vernier scale matches with 9 divisions in main 
scale and main scale has 10 divisions in 1 cm 

(c) A screw gauge having 100 divisions in the 
circular scale and pitch as 1 mm and pitch 
as 1 mm 

(d) A screw gauge having 50 divisions in the 
circular scale 


From a tower of height H, a particle 1s 
thrown vertically upwards with a speed u. 
The time taken by the particle to hit the 
ground, is n times that taken by it to 
reach the highest point of its path. The 
relation between H, u and n is (2014) 
(a) 2gH = n°u’ (b) gH = (n - 2 u? 

(c) 2gH = nu (n - 2) (d) gH = (n - 2 u? 

A block of mass m is placed on a surface 
with a vertical cross-section given by 

y = x"/ 6. If the coefficient of friction is 0.5, 


19. 


20. 


21. 


3 


the maximum height above the ground at 
which the block can be placed without 


slipping is (2014) 
(a) 1/6 m (b) 2/3m 
(c) 1/8 m (d) 1/2 m 


When a rubber band is stretched by a 
distance x, it exerts a restoring force of 
magnitude F = a x + bx’, where a and b are 
constants. The work done in stretching the 
unstretched rubber band by L is (2014) 


(a) at^ + bL (b) 1/ 2(aL* + bL?) 


2 3 2 3 
(c) ar + DU (d) i8 =) 
2\ 2 3 


Let [€,] denote the dimensional formula of 


the permittivity of vacuum. If M = mass, 
L = length, T = Time and 
A= electric current, then 
(a) [e,] = IM E? T^ A] 

(b) [£,] = [M L" T^ A*] 

(c) [e] = [M° L^ T^ A] 

(d) [e] = [V L^ T7 A°] 

A projectile is given an initial velocity of 
(i+ 2j) m/s, where, iis along the ground 
and j is along the vertical. If g = 10 m/s’, 
then the equation of its trajectory is (2013) 
(a) y=x-5x° (b) y= 2x-5x* 

(c) 4y 2 2x - 5x* (d) 4y = 2x - 25x* 


(2013) 


Answer with Explanations 


Mass M M 

E or p=— 

Volume L° ie 

Ap _ AM , SAL 
p M L 


So, maximum 96 error in measurement of p is 


28 x 100 = ÂT x 1004 SAL 406 


— Error in density 


or % error in density 2 15+ 3 x 1 
% error = 4.5% 


. (b) If velocity versus time graph is a straight line with 


negative slope, then acceleration is constant and 
negative. 
With a negative slope distance-time graph will be 


parabolic (s - ut — ja : 


So, option (b) will be incorrect. 


3. 


(b) Motion stops when pull due to m, < force of friction 
between m and m, and surface. 

> mg &y(m, + mg 

> 5x 10 < 01510 + m) x 10 

> m 2 23.33 kg 

Here, nearest value is 27.3 kg 

So, Main = 27.3 kg 


. (C) .. Force = — LA 
dr 


" F d ( -k ) | k 
dr \2r° r 
As particle is on circular path, this force must be 


centripetal force. 


> |F |= — 


2 
So, A. mv 
r r 
1 9 K 
> =m“ = 
2 2r? 
-. Total energy of particle = KE + PE 
Bl dl 
or 2r 


Total energy = 0 


. (b) Momentum is conserved in all type of collisions. 

Final kinetic energy is 50% more than initial kinetic 

energy 

150. 1 
x 


mvs sue 
2 100 2 ° 0 


=> mvs 4 


Before collision 


m m 
After collision 
Conservation of momentum gives, 
mv, = mv, + mv, 
Vg =V + Vy ...(ii) 
From Eqs. (i) and (ii), we have 
2 2 EV 
Vi t Vic 2VWV, =V 


=> 2v,v, = — 2 
2 
(v, = v3 = (v + V; - Avv; 
22v 
or Va = N2V 


- (c) .. Force = Mass x Acceleration = mw°R 


and given, F « l TER. 
R^ R^ 
So, we have 
d (22) 
R^ T 
2 
=> T- 4n m 2 Ree 
k 
HR 
=> T«R 2 


. (b) Initially velocity keeps on decreasing at a constant 
rate, then it increases in negative direction with same 
rate. 


- (b) Given, force, F = — kv? 
. Acceleration, a = mc 
m 


dv =f à " dv k dt 
at m v m 


or 


10. 


11. 
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Now, with limits, we have 


“W Kk ' dt 
10 y? m 20 
> í 1 = Lr 
V ho m 
= lag 
V m 
1 1 
> v= m 
Q14 AM 01+ 1000k 
m 
=> tmxveatxye 
> v=“ =5 
2 
=I ő 
01 + 1000 k 
> 1=0.5 + 5000k 
0.5 
> Ke. 
5000 
> k = 107% kg/m 
» (d) From Newton's second law, E =F 
1 
> Ap = FAt = p= [do- Í, Fat 
> p= f 6tat = 3kg (2) 
D S 
2 2 
Also ak SAP. 3 =45 
2m 2x1 


So, work done = Ak = 4.5J 
(c) As energy loss is same, thus 
u mg cos - (PQ) = wng - (QR) 


QR = (PQ)cos0 
E QR = x2 248 = 36m 


Further, decrease in potential energy = loss due to 
friction 
mgh = (umg cosé)d, + (umg)d, 
mx 10x2 cu xmx 10x28 x4 
+uxmxi0x 2/3 
=> 43u =2 
1 

u = —2 = 0.288= 0.29 

243 
(d) Work done in lifting mass = (10 x 9.8 x 1) x 1000 


If m is mass of fat burnt, then energy 


=mx3.8x 10 x 20 
100 


U 


Equating the two, we get 


ios 12.89 x 10? kg 
3.8 


Previous Years’ Questions (2018-13) 


12. (a) Time period is given by, T = d 


n 
r=2n f 
g 


_ an). (47°) (L) 
T? t 2 
9 

Percentage error in the value of ‘g’ will be 


Ag x 100 = [$=] «100 L2 (4)* 100 
g L t 


= 10042 «( : ) x 100=2.72% 
20 90 


Further, 


L 


= 2,2 
HH 


g 


-. The nearest answer is 3%. 


13. (b) 
10 m/s 40 m/s 


1 +ve 


240m 


Let us first find, time of collision of two particles with 
ground in putting proper values in the equation 


s=ut + J at? 
2 


1 x40 xt? 
2 


> 240 = 10t, 


Solving, we get the position value oft, = 8 sec 


Therefore, the first particle will strike the ground at 8 sec. 


Similarly, —240 = 40t, - 5 x 10 x t? 
Solving this equation, we get positive value oft, 
—-28 


Therefore, second particle strikes the ground at 
12 sec. 


If y is measured from ground. Then, 


from 0 to 8 s y, 2 240 + s, 


= 240 + ut + lat? 
2 
or y, 2240 4 10t - x 10 xt? 
2 


Similarly, y, = 240 + 40 — ; x 10 xt? 


> t, — y, = 30t 


14. 


15. 


16. 


^ (yo — y) versust graph is a straight line passing 
through origin 
Att = 8s, y, - y, 240m 


From8sto12s y, =0 


E y, 2240 + 40t — 1x 10 xt? 
2 


= 240 + 40t — 5t 
(y, — y;)=240 + 40t — 5t? 


Therefore, (y, — y,)versust graph is parabolic, 
substituting the values we can check that att — 8 sec, 
Yo — Yı is 240 m and att = 12 sec, y, — y, is zero. 


(b) Note It is not given in the question, best assuming 
that both blocks are in equilibrium. The free body 
diagram of two blocks is as shown below, 


Reaction force, R = applied force F 
For vertical equilibrium of A; 
f, = friction between two blocks = W, = 20N 


For vertical equilibrium of B; 
f, = friction between block B and wall 


W, + f = 100 + 20=120N 
(a) Given, | 2 (e?*"77 — ü) mA, qv = + 0.01V 
T = 300K 
So [=e 9T _ 4 
=> [+ 1 = gl0V/T 
Taking log on both sides, we get 
1000 V 
log(/ + 1) = ——— 
T 
On differentiating, 1” av 
1-1 T 
af = TE x (+ 1) dv 
al = 1000 y (5 + 1)x 001 
300 
=0.2 mA 


So, error in the value of current is 0.2 mA. 

(c) If student measures 3.50 cm, it means that there is 
an uncertainly of order 0.01 cm. 

For vernier scale with 1 MSD = + cm 


and 9 MSD = 10 VSD 
LC of vernier caliper = 1MSD - 1VSD 


-x('75) 
10 10 
rM cm= 0.01 cm 


100 
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17. (c) Time taken to reach the maximum height,t, = u So, the maximum height above the ground at which 
g the block can be placed without slipping is 1/6 m. 
t tu 19. (c) Thinking Process We know that change in 
T potential energy of a system corresponding to a 
| ty conservative internal force as 


T U, -U, » -W =- f F-dr 


Given, F =ax+ bx 


= 


Ift, is the time taken to hit the ground, then 


1 We know that work done in stretching the rubber band 
i.e. -H - ut, - —gt2 
EC by Lis|dW | =| Fax | 
But t, 7 nt, [Given] IW | [iex + bx?) dx EH E [ b | 
nu 1 nu’ 
So, H-u z 59 J? [aP ax(0P] [bx bx(0°] 
Css. lo: is^ s] 
-H= -— al? bE 
JN. cM ie g 
=> 2gH = nu*(n - 2) 1 qq 
18. (a) A block of mass m is placed on a surface with a 20. (b) From Coulomb's law, F = Ing. "BP 
vertical cross-section, then g 
y gs WN 2 
4nFR* 
m Substituting the units, we have 
Q2C€ 2 [AT 
" ° wn [MLT?] [L°] 
$ - ES [M^L?T^A?] 
| 21. (b) Initial velocity = (i + 2j) m/s 
d (5 Magnitude of initial velocity, 
2 
tang = X >E =% u = JUF + Gy = J6 m/s 
x dx 
At limiting equilibrium, we get Equation of trajectory of adi is 1 
2 _ 9x ~y¥_2_ 
= tano = 0.5 = 7- y= xtand — 5 (Veteri 8) jus ere 
2 
4 x -12x-ii a y=xxa - 100) p oy] 
xà 205p 
Now, putting the value of x in y = —, we get 1008 
6 -2x- 196) A44) 
When x 21 When x--1 2x5 
EDEN, yes eed 22x-5x 
6 6 6 6 


JEE Advanced 


1. Two vectors A and B are defined as A = ai 
and B = a (cos oti + sin of), whereaisa 
constant and œ = 1/6 rad s^! . If 
| A - B|- /3| A -B | at time t = t for the 
first time, the value of t, in seconds, is 

[Numerical Value, 2018] 


2. Aspring block system is resting on a 
frictionless floor as shown in the figure. 
The spring constant is 2.0 Nm™ and the 
mass of the block is 20 kg . Ignore the 
mass of the spring. Initially, the spring is 
in an unstretched condition. Another 
block of mass 1.0 kg moving with a speed 
of 2.0 ms ! collides elastically with the 
first block. The collision is such that the 
2.0kg block does not hit the wall. The 
distance, in metres, between the two 
blocks when the spring returns to its 
unstretched position for the first time after 
the collision is ............ ; 

[Numerical Value, 2018] 


~i 
jams 2kg 


1kg 


Paragraph X (Q. Nos. 3-4) 


In electromagnetic theory, the electric and magnetic 
phenomena are related to each other. Therefore, the 
dimensions of electric and magnetic quantities must also 
be related to each other. In the questions below, [E] and 
[B] stand for dimensions of electric and magnetic fields 
respectively, while [€, ] and [u , ] stand for dimensions of 
the permittivity and permeability of free space, 
respectively. [L] and [T] are dimensions of length and 
time, respectively. All the quantities are given in SI 
units. (2018) 


3. The relation between [E] and [B] is 
(a) [E] - [B] [L] [T] (b) [E] = [B] [L] CT] 
(c) E] = EB]IL ETT" (d) [E] = [B] [L] T" 
4. The relation between [e,] and [un] is 
) 
) 


(a) Mol =[e LT T^ — (b) [ko] = fe JLT ETT 


m 
(c) [uo] = [e] IL ETT? (d) e] = [e LTT? 


Paragraph A (Q. Nos. 5-6) 


If the measurement errors in all the independent 
quantities are known, then it is possible to determine the 
error in any dependent quantity. This is done by the use 
of series expansion and truncating the expansion at the 
first power of the error. For example, consider the 
relation z = x/ y. If the errors in x, y and z are Ax, Ay and 
Az respectively, then 


-l 
+ 
go ED ON («pn 
ytAy y 


si 
2 A : 
The series expansion for c æ) , to first power in 
y 
Ay/ y, is 1¥ (Ay/ y). The relative errors in independent 
variables are always added. So, the error in z will be 


Az = 7 Ax + Ay 

x x 
The above derivation makes the assumption that 
Ax/x<< 1,A y/ y« 1 Therefore, the higher powers of 
these quantities are neglected. (2018) 


eG) to be 
(1+ a) 
determined by measuring a dimensionless 
quantity a. If the error in the 
measurement of ais Aa(Aa/a< 1), then 
what is the error Ar in determining r ? 

Aa —2Aa 2Aa 2a^a 
wl (1-- a i (1+ af te) a-a " (1- &) 


6. In an experiment, the initial number of 
radioactive nuclei is 3000. It is found that 
1000 + 40 nuclei decayed in the first 1.0s. 
For|x« 1, In (1+ x) x up to first power 
in x. The error AA, in the determination of 
the decay constant A in s^!, is 
(8)004 —(b)003  (c)O02  (d)0O! 


7. A particle of mass m 1s initially at rest at 
the origin. It 1s subjected to a force and 
starts moving along the X-axis. Its kinetic 
energy K changes with time as 
dK / dt = yt, where y is a positive constant 
of appropriate dimensions. Which of the 
following statements is (are) true? 

(More than One Correct Option, 2018) 


5. Consider the ratior = 


10. 


11. 


(a) The force applied on the particle is constant 

(b) The speed of the particle is proportional to 
time 

(c) The distance of the particle from the origin 
increases linearly with time 

(d) The force is conservative 


A solid horizontal surface 1s covered with 
a thin layer of oil. A rectangular block of 
mass m = 0.4 kg is at rest on this surface. 
An impulse of 1.0 N s is applied to the block 
at time t= 0, so that it starts moving 
along the X-axis with a velocity 

v (t) = v, € "* , where v, is a constant and 
t= 4s. The displacement of the block, in 
metres, at t= t1S .............. . (Take, 

e! = 037). (Numerical Value, 2018) 


A ball is projected from the ground at an 
angle of 45? with the horizontal surface. It 
reaches a maximum height of 120 m and 
returns to the ground. Upon hitting the 
ground for the first time, it loses half of its 
kinetic energy. Immediately after the 
bounce, the velocity of the ball makes an 
angle of 30? with the horizontal surface. 
The maximum height it reaches after the 
bounce, in metres, is .......... ! 

(Numerical Value, 2018) 


A person measures the depth of a well by 
measuring the time interval between 
dropping a stone and receiving the sound 
of impact with the bottom of the well. The 
error in his measurement of time is 

ôT = 0.01 s and he measures the depth of 
the well to be L = 20 m. Take the 
acceleration due to gravity g = 10 ms” and 
the velocity of sound is 300 ms™. Then 
the fractional error in the measurement, 


oL . 
—, is closest to 
L (Single Correct Option, 2017) 


(a) 1% (b) 5% (c) 3% (d) 0.2% 


Three vectors P,Q and R are shown in the 
figure. Let S be any point on the vector R. 
The distance between the points Pand S 
is b [R]. The general relation among 
vectors P,Q and Sis 

(Single Correct Option, 2017) 


12. 


13. 


14. 
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(a) S = (1-b°)P + bQ 
(c) S = (1-b)P + bQ 


(b) S = (b- 1P + bQ 
(d) S=(1-b)P+b2Q 


A flat plane is moving normal to its plane 
through a gas under the action of a 
constant force F. The gas is kept at a very 
low pressure. The speed of the plate v is 
much less than the average speed u of the 
gas molecules. Which of the following 
option(s) is/are true? 
(More than One Correct Option, 2017) 
(a)At a later time the external force F balances 
the resistive force 
(b)The plate will continue to move with constant 
non-zero acceleration, at all time 
(c)The resistive force experienced by the plate 
is proportional to v 
(d) The pressure differnce between the leading and 
trailing faces of the plate is proportional to uv 


A length-scale (/) depends on the 
permittivity (£) of a dielectric material, 
Boltzmann's constant (k,), the absolute 
temperature (T), the number per unit 
volume (n) of certain charged particles, 
and the charge (g) carried by each of the 
particles. Which of the following 
expression (s) for Lis (are) dimensionally 
correct? (More than One Correct Option, 2016) 


E: ibi (=) 
ek,T nq? 

q? _ q? 
\ eo (a) = ur 


In an experiment to determine the 
acceleration due to gravity g, the formula 
used for the time period of a periodic motion 
Mn The values of R and r 

5g 
are measured to be (60 + 1) mm and (10 1) 
mm, respectively. In five successive 


(a) /= 
(c) /= 


is T = 27 


Previous Years’ Questions (2018-13) 


15. 


16. 


measurements, the time period is found to 
be 0.52 s, 0.56 , 0.57 s, 0.54 s and 0.59 s. 
The least count of the watch used for the 
measurement of time period is 0.01 s. 
Which of the following statement(s) is (are) 
true? (More than One Correct Option, 2016) 


(a) The error in the measurement of ris 10% 
(b) The error in the measurement of T is 3.5796 
(c) The error in the measurement of T is 296 
(d) The error in the measurement of g is 1196 


There are two vernier callipers both of 
which have 1 cm divided into 10 equal 
divisions on the main scale. The vernier 
scale of one of the callipers (C,) has 10 
equal divisions that correspond to 9 main 
scale divisions. The vernier scale of the 
other callipers (C;) has 10 equal divisions 
that correspond to 11 main scale 
divisions. The readings of the two 
callipers are shown in the figure. The 
measured values (in cm) by callipers C, 
and C, respectively, are 

(Single Correct Option, 2016) 


2 3 
C Ltt | LI 
' HTI 


0 5 10 


2 3 
c Lulu, 


(a) 2.87 and 2.87 
(c) 2.85 and 2.82 


(b) 2.87 and 2.83 
(d) 2.87 and 2.86 


A uniform wooden stick of mass 1.6 kg of 
length / rests in an inclined manner on a 
smooth, vertical wall of height A (< l) such 
that a small portion of the stick extends 
beyond the wall. The reaction force of the 
wall on the stick is perpendicular to 

the stick. The stick makes an angle of 30? 
with the wall and the bottom of the stick 
is on a rough floor. The reaction of the 
wall on the stick is equal in magnitude to 
the reaction of the floor on the stick. The 


17. 


18. 


19. 


ratio h/l and the frictional force f at the 
bottom of the stick are (g= 10 ms ?) 
(Single Correct Option, 2016) 


(a) ^8, MASEIN (b) l-3, -163 N 
| 16 3 | 16 3 

(o) ^2 993. _8V3 4, (a) ^- 893. MLZEN 
|l 16 3 | 16 3 


The energy of a system as a function of 
time tis given as E(t) = A’ exp (~at), 
where a = 0.2s^'. The measurement of A 
has an error of 1.25%. If the error in the 
measurement of time is 1.50%, the 
percentage error in the value of E(t) at 
t=5sis (Single Integer Type, 2015) 


Planck’s constant h, speed of light c and 
gravitational constant G are used to form 
a unit of length L and a unit of mass M. 
Then, the correct option(s) is/are 


(More than One Correct Option, 2015) 


(a) M «Je (b) M œ VG 
(c) L e JA (d)L «VG 


Consider a vernier callipers in which each 
1 cm on the main scale is divided into 8 
equal divisions and a screw gauge with 
100 divisions on its circular scale. In the 
vernier callipers, 5 divisions of the 
vernier scale coincide with 4 divisions on 
the main scale and in the screw gauge, 
one complete rotation of the circular scale 
moves it by two divisions on the linear 
scale. Then, 
(More than One Correct Option, 2015) 
(a)if the pitch of the screw gauge is twice the 
least count of the vernier callipers, the least 
count of the screw gauge is 0.01 mm 
(b)if the pitch of the screw gauge is twice the 
least count of the Vernier callipers, the least 
count of the screw gauge is 0.05 mm 
(c)if the least count of the linear scale of the 
screw gauge is twice the least count of the 
vernier callipers, the least count of the screw 
gauge is 0.01 mm 
(d) if the least count of the linear scale of the 
screw gauge is twice the least count of the 
vernier callipers, the least count of the screw 
gauge is 0.005 mm. 


10 


20. 


A particle of unit mass is moving along the 
x-axis under the influence of a force and its 
total energy is conserved. Four possible 
forms of the potential energy of the particle 
are given in Column I (a and U, are 
constants). Match the potential energies in 
Column I to the corresponding statements in 


Column II. (Matching Type, 2015) 
Column | Column Il 
ul. f(x P. The force acting 
A. U,(x)= 2| = (5) | on the particle is 
2 a zero atx=a 
U(x The force acting 
B. U(x) = (x) Q. onthe particle is 
zeroatx=0 
U, /x\2 | /x\2] R. The force acting 
C. usta) e(z) em) on the particle is 
zeroatx-—a 
[ 8] S. The article 
D. U(x) = Yo a fs hier SD 
2la Bla periences an 
attractive force 
towards x = 0 in 
the region| x| < a 
T. The particle with 
t Uo 
otal energy zi 
can oscillate 
about the point 
X--a. 
21. Airplanes A and B are flying with 


constant velocity in the same vertical 
plane at angles 30? and 60? with respect 
to the horizontal respectively as shown in 
figure. The speed of A is 1004/3 ms". At 
time £ 2 0s, an observer in A finds B at a 
distance of 500 m. This observer sees 5 
moving with a constant velocity 
perpendicular to the line of motion of A. 

If at t = tọ, A just escapes being hit by B, to 
in seconds is (Single Integer Type, 2014) 
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22. Arocket is moving in a gravity free space 


with a constant acceleration of 2 ms? 
along +x direction (see figure). The length 
of a chamber inside the rocket is 4 m. A 
ballis thrown from the left end of the 
chamber in +x direction with a speed of 
0.3 ms™ relative to the rocket. At the 
same time, another ball is thrown in 

-x direction with a speed of 0.2 ms! 
from its right end relative to the rocket. 
The time in seconds when the two balls 
hit each other is (SingleInteger Type, 2014) 


a=2 m/s? 
0.2 ms i 


0.3 ms! x 
-—— 


————À 


< > 
4m 


23. A block of mass m, =1 kg another mass 


m» = 2 kg are placed together (see figure) 
on an inclined plane with angle of 
inclination 0. Various values of 0 are given 
in Column I. The coefficient of friction 
between the block m, and the plane is 
always zero. The coefficient of static and 
dynamic friction between the block m, and 
the plane are equal tou = 0.3. In Column II 
expressions for the friction on the block m; 
are given. Match the correct expression of 
the friction 1n Column II with the angles 
given in Column I, and choose the correct 
option. The acceleration due to gravity is 
denoted by g. 


Hy 


LZ) 


CN H2 
[Useful information tan (5.5° )= 0.1; 
tan (11.5? )2 0.2; tan (16.5? ) = 0.3] 
(Matching Type, 2014) 


Column I Column II 
P. 0-5 1. mg sine 
Q. 6-10? 2. (m + m,)g sine 
R. 0-215? 3. um,g cos @ 
S. 0-20? 4. u (m * m,)g cos 


Previous Years’ Questions (2018-13) 


24. 


25. 


26. 


Codes 

PQRS PQRS 
(a) 1, 1, 1, 3 (b) 2, 2, 2,3 
(c) 2, 2, 2,4 (d) 2, 2, 3, 3 


In the figure, a ladder of mass m is shown 
leaning against a wall. It is in static 
equilibrium making an angle 0 with the 
horizontal floor. The coefficient of friction 
between the wall and the ladder isu, and 
that between the floor and the ladder 1s 
Us. The normal reaction of the wall on the 
ladder is N, and that of the floor is N3. If 
the ladder is about to slip, then 


(More than One Correct Option, 2014) 


(8)u4 =0 u, #O0andN, tang = 72 


(b) u; # 0, u = Oand N, tang =" 


(Cc), #0 u, #O0and N, = a 


1+ UMa 
mg 


(d)u, = 0,u, # Oand N, tan 0 = 
Consider an elliptically 
shaped rail PQ in the 
vertical plane with 

OP =3m and OQ = 4 m. 

A block of mass 1 kg is 
pulled along the rail from 
P to Q with a force of 18 
N, which is always parallel to line PQ 
(see figure). Assuming no frictional 
losses, the kinetic energy of the block 
when it reaches Q is (n x 10) J. The 
value of n is (take acceleration due to 


f -2 
gravity = 10 ms ^) (Single Integer Type, 2014) 


A tennis ball is dropped on a horizontal 
smooth surface. It bounces back to its 
original position after hitting the surface. 
The force on the ball during the collision 
1s proportional to the length of compression 
of the ball. Which one of the following 
sketches describes the variation of its 
kinetic energy K with time ¢ most 
appropriately? The figures are only 
illustrative and not to the scale. 

(Single Correct Option, 2014) 


27. 


28. 


29. 


(b) K 
A 


A wire, which passes 
through the hole in a small 
bead, is bent in the form 
of quarter of a circle. The 


(d) K é à 
f 
wire 1s fixed vertically on 


A 
j 90 : B 
ground as shown in the 


figure. The bead is released from near the 
top of the wire and it slides along the wire 
without friction. As the bead moves from 
A to B, the force it applies on the wire is 
(Single Correct Option, 2014) 


(a) always radially outwards 

(b) always radially inwards 

(c) radially outwards initially and radially inwards 
later 

(d) radially inwards initially and radially outwards 
later 


Using the expression 2d sin0 = A, one 

calculates the values of d by measuring 

the corresponding angles 0 in the range 0 

to 90°. The wavelength X is exactly known 

and the error in 0 is constant for all 

values of0. As 0 increases from 0°, then 
(Single Correct Option, 2013) 

the absolute error in d remains constant 

the absolute error in d increases 

the fractional error in d remains constant 

the fractional error in d decreases 


(a 
(b 
(c 
(d 


I Wl 


Match the Column I with Column II and 
select the correct answer using the codes 


given below the column. (Matching Type, 2013) 


Column | Column II 
P. Boltzmann constant 1. [MLT] 
Q. Coefficient of viscosity 2. [ML''T |] 
R. Planck constant 3. [MLTOK^] 
S. Thermal conductivity 4. [ML?T?K"] 
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30. 


31. 


32 


Codes 
PQRS 
(3 1 24 
(c)4 2 13 
The diameter of a cylinder is measured 
using a vernier callipers with no zero 
error. It is found that the zero of the 
vernier scale lies between 5.10 cm and 
5.15 cm of the main scale. The vernier 
scale has 50 divisions equivalent to 
2.45 cm. The 24th division of the vernier 
scale exactly coincides with one of the 
main scale divisions. The diameter of the 
cylinder ls (Single Correct Option, 2013) 
(a) 5.112 cm (b) 5.124 cm 
(c) 5.136 cm (d) 5.148 cm 


The work done on a particle of mass m by 


T E 
(x? + y2y!? (x7 + yP? | 


a force, K| 


(K being a constant of appropriate 
dimensions), when the particle is taken 
from the point (a, 0) to the point (0, a) 
along a circular path of radius a about the 
origin in the x- y plane is 
(Single Correct Option 2013) 

2Knx 

a a 


(a) 


A particle of mass 0.2 kg is moving in one 
dimension under a force that delivers a 
constant power 0.5 W to the particle. If 
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the initial speed (in ms !) of the particle is 
zero, the speed (in ms) after 5 s is 
(Single Integer Type, 2013) 


Passage (Q. Nos. 33 & 34) 


A small block of mass 1 kg is released from rest 
at the top of a rough track. The track is a 
circular arc of radius 40 m. The block slides 
along the track without toppling and a frictional 
force acts on it in the direction opposite to the 
instantaneous velocity. The work done in 
overcoming the friction up to the point Q, as 
shown in the figure, is 150 J. 


(Take the 
g=10ms”) 


due to gravity, 
(Passage Type, 2013) 


acceleration 


>X 


33. The speed of the block when it reaches 
the point Q, is 

(a) 5 ms"! (b) 10 ms"! 

(c) 10/3 ms“ (d) 20ms"' 

The magnitude of the normal reaction 
that acts on the block at the point Q 1s 
(a) 7.5N (b)86N (c) 11.5N (d) 225N 


34. 


Answer with Explanations 


. (2.0) A-ai andB = acoso + asinotj 


A+B=(a+t+ acosat)i + asinot j 


A-B- (a-acosat i + asinot j 
|A*B|- 43|A-B| 


Ja + acosat)  (asinat ? = /3 


J(a-acosat y + (asinat )? 


> 2cos@ = + 3x2 sin 
eot , 1 ot T 
tan £ > NRE 


T T 
—£1I2-nmpt-— 
12 6 
t =(12n+2)s 

=2s,10S,14s and so on. 


2. (2.09 m ) Just Before Collision, 


2 m/s 
1kg ——— |? ko Lamm 
Just After Collision 
> Vo 
1kg >v — |2K8 Lann 


Previous Years’ Questions (2018-13) 


Let velocities of 1 kg and 2 kg blocks just after collision 
be v, and v, respectively. 
From momentum conservation principle, 

1x2 = 1v; + 2v3 sal) 
Collision is elastic. Hencee = 1 or relative velocity o 
separation - relation velocity of approach. 
Vo-Vy=2 ...(ii) 
From Eqs. (i) and (ii), 


V= 4 m/s, v= = m/s 
3 3 


2 kg block will perform SHM after collision, 


pe Tan o naue 
2 k 


Distance =|v,|t = : x 3.142 2.093 = 2.09 m 


3. (c) In terms of dimension, Ef 


> gE =qvB or E=vB 
[E] = [BI[LT *] 
4. (d)c - 
vH o£0 
ga 
H £o 
is ez! c? 


In rzin(1— a) - In(1-4 a) 
Differentiating, we get 
dr __ da da 
r 1-a Tee 


or, we can write 


r E za Ta 
Ar —2 Aa 
r 1-a 
ör Ar 2Aa (n- —2 ^a 
jeg (1+ a)? 
6. (c)N=Ne™ 
In N 2 In No — At 
Differentiating w.r.t à , we get 
1 N ot 
N dA 
5 peso A. c 
Nt | 2000x1 
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7. (ab) K= V rii ua, OE E 
2 at at 
; dK dv 
Given, - => mv = 
t Y dt Y 
v t 2 2 
> [dv = [ Cot sf Lt 
o om m 2 


= va tr = an Xe Y 
m dt Vm 


F = ma = 4'ym = constant 
2 
V ds uu t " yt 
dt m m2 
NOTE Force is constant. In the website of IIT, option (d) is 
given correct. In the opinion of author all constant 
forces are not necessarily conservative. For example : 


viscous force at terminal velocity is a constant force 
but it is not conservative. 


8. (6.30) Linear impulse, J = mvo 


Vo = E = 2.5 m/s 
m 
ve vei 
dx t/t 
— =v 
dt d 
x T 
fox = vo [eat 
0 0 


= 2.5(- 4) (0.37 — 1) 


x= 630m 
u?sin? 45° 
9. (30) H 2 4 9 ^9? _ -120m 
2 
E U 2120m 
4g 


If speed is v after the first collision, then speed should 
rus 3 xz 
remain —— times, as kinetic energy has reduced to 


Je 
half. 
> vet 
V2 
Pone 
v*sin* 30? 
Prax > $= 
2g 
_ (u/ 42)? sin? 30° 


2g 
2 
-( ag | - Tu 30m 


4 4 


L 
10. (a E nd 
(a) 3 
1 -1/2 ( 1 
dt = al. 4 dl. 
= 30 
1 4 dL 
- dL 4 0.01 
245 420 
(z;* x) 0.01 
20 3 
al 2120.0, at» 3 
| 300 | 16 
dL 400. x x100 = 19 1% 
L 16 20 6 
11. (c) S =P + bR =P + b(Q - P)- P(1- b)+ bQ 
12. (a,c,d) 
X | LE 
ev, E uU, E . e > 
7 Vo 


Just before the collision Just after the collision 


V4 =U +2V => Av, = (2u + 2v) 
2 f g pA(u + v)(2u + 2v)=2pAu + v}? 
Vo =(U+2v) = Av, = (2u -2v) 
E m: pA(u —v)(2u -2v)- 2pA(u - v. 
Fo 
Fi 
[AF is the net force due to the air 
molecules on the plate] 
AF = 2 pA(4uv)= 8pAuv 
AF 
P = — = 8p(uv 
p p(uv) 
Eu —-(F-AR)y [m is mass of the plate] 
F — (8pAu)v = ma 
13. (b, d) [n] = [L°] [a] = [AT] 
[e] = [M  L2A?T4] 
7] = [tU] 
= [LI 
[kg] = [ML?TK 7] 


14. 


15. 
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(a) RHS 


- [L?A?T*] 
[M"'L'?T^A?] [MLT K] [K] 


[L?A?T?] . =] 
[L'TA7] [L 
Wrong 
(b) RHS 
—. [[M Le ST4A?) [ML?T K] [K] 
[L°] [A?T7] 
- ae - [L] Correct 
[A*T*] 
RHS = 
e [M"L?T^A?] [L] [MLT K] [K] 
= [L3] Wrong 
[A°T’] 
d) RHS = 
e VIM L?T^A?] [L] [ML?T KC] 
- Mu = [L] Correct 
(a,b,d) Mean time period 


. 0.52 + 056 + 0.57 4 
5b 
= 0.556 = 0.56 sec as per significant figures 


0.54 + 0.59 


Error in reading =| Tnean — 4| = 0.04 
[Toa — Tal = 0.00 
|Tmean — Tal = 0.01 
| Tmean — T| = 0.02 
| Tmean — Tal = 0.03 
Mean error = 0.1/5 = 0.02 % error in 


Dus x 100 = 3.57% 


T =A! y 400 = 
T 
% error inr = 100 = 10% 


% error in R = -x100 = 167% 
60 


% error in 
Ag x 190 = AR) + AM 199,5 AT 
g R-r T 
= 2 x10042x357 
50 
= 496 + 796 — 1196 
(b) For vernier C, 


10 VSD = 9 MSD = 9mm 

1 VSD = 0.9 mm 

—LC 21 MSD- 1 VSD 
=1mm- 09 mm=01 mm 


Previous Years’ Questions (2018-13) 


Reading of C, = MSR + (VSR) (LC) 
= 28mm + (7)(0.1) 
Reading of C, = 287 mm = 2.87 cm 
For vernier C, : the vernier C ; is abnormal 
So, we have to find the reading form basics. 
The point where both of the marks are matching : 


distance measured from main scale = distance 
measured from vernier scale 


28 mm + (1 mm) (8) = (28 mm + x) + (1:1 mm) (7) 


Solving we get, x = 03mm 
So, reading of C; 2 28mm + 03mm 
= 2.83 cm 
16. (d) 
19. 
LF, =0 
N,cos 30°-f = 0 (i) 
Vy =0 
N; sin30°+ Na- mg = 0 (Ü) 
Lto=0 
mg ! cos 60° - N. — 0 (iii) 
2 "cos 30° . 
Also, given N =N, ..(iv) 
Solving Eqs. (i), (ii), (iii) and (iv) we have 
h_3v3 
| 16 20. 
and f 16/3 
3 
17. (4) E()- Ae t (i) 
a =0.2 s7 
($) x 100 = 125% 
A 
(7. x 100 = 150 
> (dt x 100) = 1.5 =1.5x 5=7.5 


P £3 x100- 5 [3] x 100 + a (dt x 100) 
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18. (c, d) M œ h*c°G° 


M œ M LT! Ne (LT y (M^L?T? f 
ze M8-6|28 + +3c7 -a-b-& 


2at+b+x=0 
a+b+2c=0 (iii) 
On solving (i), (ii), (iii), 
a 1 ,b=4 umm 1 
2 2 2 


-. M œ Je only > (a) is correct. 
In the same way we can find that, L œ hca"? 


L œ 4h, L œ JG > (c), (d) are also correct. 
(b,c) For vernier callipers 
1 MSD = 1 cm 
8 


5VSD = 4 MSD 


. 1VSD=ŹMSD=Źx1 =| cm 
5 5 8 10 
Least count of vernier callipers = 1 MSD — 1 VSD 
= ITem- | om= 0.025 cm 
8 10 
Fore screw gauge 
Pitch of screw gauge = 2 x 0.025 = 0.05cm 


Least count of screw gauge = a cm 


= 0.005 mm 
Least count of linear scale of screw gauge = 0.05 mm 
Pitch = 0.05 x 2 = 01cm 


Least count of screw gauge = o cm = 0.01 mm 


Ao P,QRT, B2 QS, CS P.QRS, D> P,R,T 


(A) F, = EU. = 2 Uo fx- aix pcs a] 
dx a 
F=Oatx=0, x=a,x a 
and U=Oatx=-a and x=a 
F(x) 
a a 
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U(X) 
> >X 
F(x) 
=a a a 


=x? /x? 
(C) F, IUE wa Px al x + a] 
F(x) 
A 
=a a 
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21. (5) Relative velocity of B with respect to A is 
perpendicular to line PA. Therefore, parallel to PA, 
velocity components of A and B should be same. 


VA =100/3 m/s 


Vg cos 30° 


^ 30° 
P 


> V4 = 100 V3 = vg cos 30° 
=> Vg = 200 m/s 
As A and B just hit 
500 500 _ 
Vg sin 30° 200 x 1/2 
22. (2) 
A B 
e——__> —————9 
0.3 m/s 0.2 m/s 
E 4m > 


Relative to rocket neither of ball has any all elevation. 
So, if balls meet in timet then, 


02t + 0.3t = 4 
> 05t = 4 
=> i85 


23. (d) Block will not slip if 


(m, + Ms) g sin 0 < umg cos 0 


=> 3sinð < s) @cose 
10 
tan0x 1/5 
> 0< 11.5° 
P) 0 = 5° friction is static 
f= (m, + m») g sine 
Q) 0 = 10° friction is static 
f 2 (m, + Ms) g sin® 


R) 0 = 15° friction is kinetic 


f = umg cos 0 
S) 0 = 20? friction is kinetic 


> f = umg cos 0 


Previous Years’ Questions (2018-13) 


24. 


25. 


26. 


27. 


(c, d) u, can never be zero for equilibrium. 
LN, 
N} A 
No 
A 
B uo; 
When uw, = 0, we have 
N; = uoo -0 
N = mg ...(ii) 


152702 mg cose = N,L sin 


ER N, = mg cote 
2 
> N; tan = DM 
2 
When, u4 # 0 we have 
uN; + No = mg .. (iii) 
H2N2 = Ny (iv) 
m N,2 "9 
T+ Uitte 


(5) From work-energy theorem, 
Work done by all forces = change in kinetic energy 
or We + Wing = Ky — K; 
18 x 5 + (1x 10) (-4) = K; 
90 — 40 = K; or K; = 50 
J=5x10d 


(b) 
t=0 e 


(Before collision) | 
t 


V — gt 


IZT77777777TVITTVITTVETTTTTTTTTTT 


1 
K=- mgt? 
2 g 


K ect? Therefore, K-t graph is parabola. 


During collision retarding force is just like the spring 
force (F œ x), therefore kinetic energy first decreases to 
elastic potential energy and then increases. 

Most appropriate graph is therefore (b). 

(d) h = R - Rcos0 

Using conservation of energy, 


mgR (1— cos 0) = ; mv? 


28. 
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mg 


Radial force equation is 


2 
mg cos 8 - N = PV. 


Here, N = normal force on bead by wire 


2 
N= mg cos 8 - T = mg(3 cos 6 - 2) 


N = Oatoos @ = = 


= Normal force act radially outward on bead, if 


cos 0» Z and normal force act radially inward on 


bead, ifcos 0 « 2/3 
* Force on ring is opposite to normal force on bead. 


(d)2d sin = 4 > d - —^ 
2sin8 

Differentiate o(d) = d(cosecé) 

o(d) = ; (— cosec 0 cot0) 00 

dj Acos0 30 

2sin?e 

So, Ad - Nd A0 

d sin 


: cos8 
As 0 increases, E decreases 
sin 


> H decreases 
d 
Alternate Solution 
| À 
i 2sin0 
Ind =In X — In2 - In sino 


AQ) _ 0=0= A x cos0 (A0) 
d sino 


Fractional error, | + (d)| = cote A8| 


Absolute error, Ad = (d cot0) A9 = à x E899 Ag 
2sin0 sino 
Ad = iue A- A0 
sin*0 
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29. (c) (P) U-ikT r= OP = xi + yj 
k 
> [ML2T~*] = [k] K B "QE 
> [K] = [MT ?K] so a k 
(xi + yj) = 50 
(Q) F = qa ¥ i 
ax Since, F is alongr or in radial direction. 
[MLT?] _ [ML T] Therefore, work done is zero. 
2) 1-1 -1 
EE Tg 32. & w-lm?2rt-lm? 
(R) E=hv 2 2 
ES [ML?T?] = [h] [T] s y= 2Pt | |2x05x5 _ 5 nil 
5 [^] = [MLT] ú n z 
(5) dQ _ kAA@ 33. (b) Height fallen up to Q is Rsin30°= s 20m 
dt l 
zi E; — E, = work done against friction 
[k] - [MÝTO [MLT] m : 
2 f I 1 v2]. 
[L^K] a 0 ole di aiios 


30. (b) 1 MSD = 5.15 cm- 5.10 cm= 0.05 cm 
1VSD- 2.45 cm 


(1) (10) 90) - 1x 1x v? =150 or v - 10 m/s 
= 0.049 cm 2 


4 
o. mv 
LC 2 1 MSD- 1 VSD = 0.01 cm SA (N= mg ees 
Hence, diameter of cylinder = (Main scale reading) + 
(Vernier scale reading) (LC) 


= 5.10+ (24) (0.001)= 5.124 cm 


31. (d) 


ar 
L 


